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SUMMARY

Turbulence-interaction noise arises from unsteady surface pressure fluctuations caused
by the interaction of incoming turbulence with an aerofoil or rotor. This type of flow-
induced noise is relevant across a range of diverse applications. Consequently, multiple
physical mechanisms must be examined and analytically modelled for use in low-fidelity
prediction methods. Such models are particularly valuable during the design and opti-
misation phases due to their low computational cost. However, their accuracy is criti-
cally dependent on the fidelity of the underlying physical assumptions. One of the most
widely used and robust approaches, Amiet’s model, has been shown to produce inaccu-
rate results for thick blades, as it was originally developed for flat plates. This limitation
is likely due to the distortion of the incoming turbulent structures and the alteration of
the noise radiation caused by aerodynamic surfaces of non-negligible thickness. Com-
parable limitations affect its application to rotors, where an accurate representation of
the inflow conditions is essential to ensure the reliability of the prediction. The present
study seeks to address the following three research questions:

1. How does turbulence distortion affect noise generation and prediction?
2. How can turbulence-distortion effects be included in Amiet’s model?
3. How does this apply to rotors?

The first research question is explored through the analysis of an aerofoil in recti-
linear motion. The distortion of turbulence interacting with thick aerofoils is analy-
sed with scale-resolved numerical simulations to elucidate its impact on turbulence-
interaction-noise generation and prediction. The effect of the leading-edge geometry
is investigated by considering two aerofoils with different leading-edge radii subjected
to grid-generated turbulence. The velocity field is shown to be altered near the stagna-
tion point, in a region whose extent does not depend on the leading-edge radius. Here,
the deformation of the large-scale turbulence causes the amplitude of the upwash ve-
locity fluctuations to increase in the low-frequency range of the spectrum because of
the blockage exerted by the surface. Conversely, the distortion of small-scale structures
leads to an exponential decay of the spectrum at high frequencies due to the alteration
of the vorticity field. The prevalence of a distortion mechanism over the other is found
to depend on the size of the turbulent structures with respect to the curvilinear length
from the stagnation point to the location where surface-pressure fluctuations and pres-
sure gradient peak. This occurs at the curvilinear abscissa where the curvature changes
the most. The same high-frequency exponential-decay slope observed for the upwash
velocity is retrieved for surface-pressure spectra in the leading-edge region, suggesting
that the aerofoil unsteady response is induced by the distorted velocity field. This phy-
sical mechanism can be taken into account in the Amiet model by using a distorted tur-
bulence spectrum as input and accounting for the increased amplitude of the distorted

ix
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gust in the aeroacoustic transfer function, obtaining an accurate noise prediction for
both aerofoils.

The findings of the initial physical investigation are then applied to address the se-
cond research question. When applied to aerofoils with non-negligible thickness, Amiet’s
theory for turbulence-interaction noise prediction does not account for alterations in
the velocity field and acoustic response induced by the surface, resulting in an overesti-
mation of the radiated noise. This work proposes a semi-analytical method that models
turbulence distortion in the immediate vicinity of the surface starting from upstream
flow conditions and considers the resulting effects on the acoustic response of the aero-
foil. The distorted spectrum of the upwash velocity component is calculated using the
asymptotic results of the rapid distortion theory (RDT) for very large- and small-scale
turbulence, overcoming the need to define a representative location where the turbu-
lence characteristics are sampled. This distorted spectrum is characterised by an in-
creased energy content that is encompassed in the model by scaling the analytical flat-
plate formulation of the aeroacoustic transfer function. The proposed approach relies
on defining the aerofoil geometrical feature that affects distortion mechanisms, requi-
red to extend the RDT results to such geometries. As mentioned above, this parameter
is identified as the path travelled by the turbulent eddies from the stagnation point to
the position of maximum surface-pressure fluctuations, which is, in turn, related to flow
acceleration and leading-edge sharpness. The accuracy of this methodology in enhan-
cing noise prediction is demonstrated using numerical and experimental data of grid-
generated turbulence interacting with different aerofoils.

Finally, the focus is put on the full-scale application of rotors. Amiet’s model for
turbulence-interaction noise prediction for rotors is adapted to incorporate pointwise
velocity measurements as input. This is accomplished by using an inverse strip the-
ory approach and transforming the three-dimensional turbulence spectrum, which mo-
dels inflow conditions, into a one-dimensional term. This latter modification enhan-
ces the low-fidelity prediction tool in two key ways. First, it enables its application in
cases where turbulence modelling is unavailable or detailed inflow characterisation is
impractical. In this way, for example, hot-wire anemometry measurements of the inco-
ming turbulence can be used to compute the acoustic prediction. Second, since the
conversion of the turbulence term entails introducing two new functions describing
spanwise and axial turbulence correlations, this approach establishes a framework for
Amiet’s theory in which contributions to turbulence alteration and noise scattering are
separated and represented individually. This “modular” structure enables independent
analysis and modelling of these contributions, facilitating the application of Amiet’s mo-
del to complex flow configurations and rotor geometries. The proposed methodology is
successfully validated through experimental measurements of a simplified turbulence-
interaction setup, where a two-bladed propeller interacts with grid-generated turbu-
lence at three different advance ratios.

The findings of this investigation can be summarised in the following conclusions,
each of which directly addresses the initial research questions.

1. Turbulence distortion, related to aerofoil bluntness, causes an alteration of the ve-
locity field in the stagnation region, which affects unsteady surface pressure and
hence noise generation.
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2. Turbulence-distortion effects should be considered at the stagnation point to en-
hance low-fidelity prediction. This could be done by using RDT asymptotic results
starting from upstream undistorted flow conditions.

3. Amiet’s model modification enables the evaluation of the impact of inflow conditi-
ons on noise generation and prediction and leads to the application of turbulence-
distortion models developed for rectilinear motion.






SAMENVATTING

Turbulentie-interactiegeluid ontstaat door drukfluctuaties op een oppervlak, veroorzaakt
door de interactie van inkomende turbulentie met een vleugelprofiel of rotor. Dit type
stromingsgeinduceerd geluid is relevant in een breed scala aan uiteenlopende toepas-
singen. Daarom moeten meerdere fysieke mechanismen worden onderzocht en ana-
lytisch worden gemodelleerd om deze in low-fidelity modellen te kunnen gebruiken.
Dergelijke modellen zijn met name waardevol tijdens de ontwerp- en optimalisatiefase
vanwege hun lage rekentijd. De nauwkeurigheid ervan is echter sterk afthankelijk van
de onderliggende fysieke aannames. Een van de meest gebruikte en robuuste benade-
ringen, het model van Amiet, blijkt onnauwkeurig te zijn voor dikke bladen, aangezien
het oorspronkelijk is ontwikkeld voor vlakke platen. Deze beperking is waarschijnlijk te
wijten aan de vervorming van de binnenkomende turbulente structuren en de verande-
ring van de geluidsstraling veroorzaakt door aerodynamische oppervlakken met een niet
verwaarloosbare dikte. Vergelijkbare beperkingen gelden voor de toepassing op rotoren,
waarbij een nauwkeurige beschrijving van de instromingscondities essentieel is voor de
betrouwbaarheid van de voorspelling.
In deze studie worden de volgende drie onderzoeksvragen onderzocht:

1. Hoe beinvloedt turbulentie-vervorming de geluidsproductie en -voorspelling?

2. Hoe kunnen effecten van turbulentie-vervorming worden opgenomen in het mo-
del van Amiet?

3. Hoe is dit toepasbaar op rotoren?

De eerste onderzoeksvraag onderzocht aan de hand van de analyse van een vleugel-
profiel in rechtlijnige beweging. De vervorming van turbulentie bij dikke vleugelprofie-
len is geanalyseerd met scale-resolving numerieke simulaties, om de impact ervan op
het ontstaan en de voorspelling van turbulentie-interactiegeluid te verduidelijken. Het
effect van de leading-edge geometrie wordt onderzocht door twee vleugelprofielen met
verschillende leading-edge radii bloot te stellen aan turbulentie gegenereerd door een
turbulentierooster. Het snelheidsveld blijkt nabij het stagnatiepunt te veranderen, in een
gebied waarvan de omvang niet afhankelijk is van de leading-edge radius. Hier zorgt de
vervorming van grote turbulente structuren voor een toename van de amplitude van up-
wash snelheidsfluctuaties in het laagfrequente regime van het spectrum, als gevolg van
het blokkeringseffect van het oppervlak. Daarentegen leidt de vervorming van kleine
structuren tot een exponentiéle afname van het spectrum bij hoge frequenties, vanwege
de verandering van het vorticiteitveld. De overheersing van het ene vervormingsmecha-
nisme boven het andere blijkt af te hangen van de grootte van de turbulente structuren
ten opzichte van de curvilineaire afstand van het stagnatiepunt tot de locatie waar de
oppervlakte-drukfluctuaties en de drukgradiént een piek bereiken. Dit vindt plaats op de
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curvilineaire abscis waar de kromming het meest verandert. Dezelfde hoge-frequentie
exponentiéle afnamesnelheid die wordt waargenomen voor de upwash snelheid, wordt
ook teruggevonden in de oppervlakte-drukspectra in het leading-edge gebied, wat sug-
gereert dat de niet-stationaire respons van het vleugelprofiel wordt veroorzaakt door het
veranderde snelheidsveld. Dit fysieke mechanisme kan worden opgenomen in het mo-
del van Amiet door een vervormd turbulentiespectrum als invoer te gebruiken en reke-
ning te houden met de verhoogde amplitude van de vervormde stromingsfluctuaties in
de aero-akoestische overdrachtsfunctie, wat leidt tot een nauwkeurige geluidsvoorspel-
ling voor beide vleugelprofielen.

De bevindingen uit het eerste onderzoek worden daarna toegepast om de tweede on-
derzoeksvraag te behandelen. Wanneer het model van Amiet wordt toegepast op vleu-
gelprofielen met een niet-verwaarloosbare dikte, neemt de theorie de veranderingen in
het snelheidsveld en de akoestische respons die door het oppervlak worden veroorzaakt
niet mee, wat resulteert in een overschatting van het geproduceerde geluid. Deze stu-
die stelt een semi-analytische methode voor die de turbulentie-vervorming in de on-
middellijke nabijheid van het oppervlak modelleert, uitgaande van de stroomopwaartse
stromingscondities, en rekening houdt met de resulterende effecten op de akoestische
respons van het vleugelprofiel. Het vervormde spectrum van de upwash snelheidscom-
ponent wordt berekend met behulp van asymptotische resultaten van de rapid distor-
tion theory (RDT) voor zeer grote en kleine turbulentieschalen, waardoor het niet no-
dig is om een representatieve locatie te definiéren waar de turbulentie-eigenschappen
worden uitgelezen. Dit vervormde spectrum wordt gekenmerkt door een verhoogde
energie-inhoud, die in het model wordt opgenomen door de analytische formulering
van de aero-akoestische overdrachtsfunctie voor een vlakke plaat te schalen. De voor-
gestelde aanpak is gebaseerd op het definiéren van het geometrische kenmerk van het
vleugelprofiel dat de vervormingsmechanismen beinvloedt, wat nodig is om de RDT-
resultaten naar dergelijke geometrieén uit te breiden. Zoals eerder vermeld, wordt deze
parameter geidentificeerd als het pad dat de turbulente wervelingen afleggen van het
stagnatiepunt tot de positie van maximale oppervlakte-drukfluctuaties, hetgeen op zijn
beurt verband houdt met de stromingsacceleratie en de radius van de leading-edge. De
nauwkeurigheid van deze methode voor het verbeteren van geluidsvoorspellingen wordt
aangetoond met numerieke en experimentele resultaten van verschillende vleugelpro-
fielen met turbulentie gegenereerd door een turbulentierooster.

Tenslotte, wordt er aandacht besteed op de toepassing op rotoren. Het model van
Amiet voor het voorspellen van turbulentie-interactiegeluid bij rotoren wordt aangepast
om puntsgewijze snelheidsmetingen als invoer te gebruiken. Dit wordt bereikt door ge-
bruik te maken van een inverse striptheoriebenadering en het driedimensionale turbu-
lentiespectrum, dat de instromingscondities modelleert, om te zetten in een eendimen-
sionale term. Deze aanpassing verbetert het low-fidelity model op twee belangrijke ma-
nieren. Ten eerste maakt het de toepassing mogelijk in gevallen waarin turbulentiemo-
dellering niet beschikbaar is of een gedetailleerde karakterisering van de instroom on-
praktisch is. Zo kunnen bijvoorbeeld hot-wire anemometrie van de binnenkomende tur-
bulentie worden gebruikt voor de akoestische voorspelling. Ten tweede, doordat de con-
versie van de turbulentiecomponent de introductie bevat van twee nieuwe functies die
de spanwise en axiale correlaties van de turbulentie beschrijven, creéert deze aanpak een
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raamwerk voor de theorie van Amiet waarin de bijdragen aan turbulentie-vervorming
en geluidsverstrooiing afzonderlijk worden geanalyseerd en gemodelleerd. Deze “mo-
dulaire” structuur maakt een onafhankelijke analyse van deze bijdragen mogelijk, wat
de toepassing van het model van Amiet op complexe stromingsconfiguraties en rotor-
geometrieén mogelijk maakt. De voorgestelde methode is succesvol gevalideerd aan de
hand van experimentele resultaten uit een vereenvoudigde opstelling voor turbulentie-
interactie, waarbij een propeller met twee bladen een wisselwerking aangaat met een
turbulentierooster bij drie verschillende advance-ratio’s.

De bevindingen van dit onderzoek kunnen worden samengevat in de volgende con-
clusies, die elk direct betrekking hebben op de oorspronkelijke onderzoeksvragen:

1. Turbulentie-vervorming, gerelateerd aan de stompheid van het vleugelprofiel, ver-
oorzaakt een verandering in het snelheidsveld in de stagnatieregio, wat de tijdsaf-
hankelijke oppervlaktedruk en dus de geluidsproductie beinvloedt.

2. Effecten van turbulentie-vervorming moeten in overweging worden genomen bij
het stagnatiepunt om de low-fidelity voorspelling te verbeteren. Dit kan worden
gedaan met behulp van asymptotische resultaten van RDT, uitgaande van onver-
vormde stroomopwaartse stromingscondities.

3. De aanpassing van het model van Amiet maakt het mogelijk om de invloed van in-
stromingscondities op geluidsproductie en -voorspelling te analyseren en maakt
de toepassing mogelijk van modellen voor turbulentie-vervorming die zijn ont-
wikkeld voor rechtlijnige beweging.






INTRODUCTION

1.1. ENVIRONMENTAL NOISE

Awide range of human activities and infrastructure generates environmental noise, defined
as “unwanted or harmful outdoor anthropogenic sound, including noise emitted by means
of transport, road traffic, rail traffic, air traffic and from sites of industrial activity" [1]
(Fig. 1.1). The consequences of prolonged and elevated exposure to such noise sources
can be detrimental at multiple levels. According to the World Health Organization (WHO),
high noise levels can indeed adversely affect human health. This makes noise pollu-
tion a serious concern and the second leading environmental cause of ill health in West-
ern Europe, surpassed only by air pollution from fine particulate matter [1, 2]. In addi-
tion, environmental noise pollution can exacerbate social inequalities. Generally, lower-
income individuals, who often cannot afford to live in quiet neighbourhoods or well-
insulated homes, are disproportionately affected. Poor environmental quality, partic-
ularly due to aircraft noise, can indeed depress local housing prices, making proper-
ties more affordable and thereby attracting lower-income residents, reinforcing a vicious
cycle [3]. Anthropogenic noise also poses a significant threat to wildlife, disrupting crit-
ical behaviours and thereby impacting the distribution and population size of several
animal species [1]. All these factors make environmental noise pollution a significant
health, social, and environmental problem, underscoring the need to address its reduc-
tion through both normative frameworks and technological solutions.

1.1.1. REGULATORY FRAMEWORK

The main legislative instrument of the European Union for the assessment and man-
agement of environmental noise is the Environmental Noise Directive (END) [4]. Its
primary goal is not to impose binding noise limits or specific mitigation measures, but is
indeed to encourage coordinated action among EU institutions, national governments,
and local authorities by establishing a consistent methodology and shared knowledge
base for setting noise limits and shaping policy. To support consistent noise pollution
assessment, mapping and planning [5], the Directive defines key noise indicators: Lgen
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(a) Road noise

(b) Rail noise
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(d) Industrial noise

Figure 1.1: Percentage of inhabitants in urban environments in the European Union exposed to four different
sources of environmental noise. Pictures from EEA [3].
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<
(a) Schiphol, Amsterdam, The Netherlands (b) Heathrow, London, United Kingdom
(c) Charles De Gaulle, Paris, France (d) Fiumicino, Rome, Italy

Figure 1.2: Flight noise maps from four of the largest airports in the European Union for passenger traffic. Im-
ageshttps://noise-map.com/ and data from Lukas Martinellihttps://github.com/lukasmartinelli/
osm-noise-pollution.

(day-evening-nightlevel) and Lyjgn (night-time level). These are defined as the A-weighted
long-term average sound level as defined in ISO1996-2:1987 [6], determined, respect-
ively, over all the day, evening and night periods and over all the night periods of a year.
The prescribed maximum values are set at 55dBA for the day-evening-night period and
50dBA for the night period, respectively. The latest implementation report highlights the
urgent need to intensify existing regulatory and technological efforts [7]. Many national
noise limits remain well above the prescribed thresholds [8], and without stronger and
more widespread measures, the EU is unlikely to achieve its target of reducing the num-
ber of people affected by environmental noise by 30% by 2030, as defined in the Zero
Pollution Action Plan [9].

1.1.2. WIND TURBINE NOISE IN THE INDUSTRIAL AND ENERGY SECTOR

For industrial noise, research remains limited, and potential health impacts are not yet
well understood [2]. This also applies to wind turbine noise, for which only limited and
uncertain evidence exists regarding its associated health effects. The END does not con-
sider this noise source [3], but the WHO [2] recommend maintaining average noise ex-
posure below 45dBA Lqe,. However, most national limits remain considerably higher
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than these recommendations, and exceedances for industrial and wind turbine sources
often lead to operational restrictions or prohibitions, creating significant obstacles for
wind energy deployment. Many turbines must operate at reduced power during the
night, and in some cases, plans for entire wind farms are cancelled. For new installations,
blade length and maximum rotational speed, and therefore energy output, are often lim-
ited by noise constraints. As a result, increases in rated power output must rely on higher
torque, which in turn entails a significant increase in the cost of drivetrain components.
Research on the health impacts of acoustic emissions in this sector remains limited and
of low or very low quality, with systematic reviews yielding inconsistent conclusions [2].
What emerges clearly, however, is that beyond measurable sound levels, perception and
social factors play a key role: surveys indicate that the characteristic “swishing” sound
of turbines is particularly annoying compared with other noise sources, while annoy-
ance is reduced when residents perceive fair procedures or share in economic benefits
[10]. These findings underscore the urgent need to improve both the understanding and
mitigation of wind turbine noise, supporting the development of renewable energy in a
manner consistent with public health protection.

1.1.3. AVIATION NOISE IN THE TRANSPORT SECTOR

The Zero Pollution Action Plan places its primary focus on reducing transport noise [9].
This is dominated by road traffic, but targeted efforts are also required for the railways
and aviation sectors to reduce noise emissions. Aviation noise, for example, is character-
ised by a lower overall exposure in Europe compared to road or rail transport, but people
affected by aircraft noise tend to report higher levels of annoyance [11]. Figure 1.2 illus-
trates the considerable impact of aviation noise on urban communities, showing flight
noise maps from four of the largest airports in the European Union. For this sector, mit-
igation involves a combination of quieter operational procedures, modernising aircraft
fleets, and limiting night-time traffic. These measures are guided by Regulation (EU)
No 598/2014, which sets out the rules and procedures for noise-related actions at air-
ports [7]. Notably, aviation is the sector where the largest reduction in noise exposure
is projected by 2030 [7]. At present, the WHO recommends aircraft noise levels below
45dB Lgen and 40dB Lyjght, yet millions in Europe are exposed to levels roughly 10dB
higher than these limits [2, 5]. Reducing and stabilising aviation noise by 2030 depends
on successfully implementing all the planned technological improvements described in
the European Aviation Environmental Report [12]. At the same time, if flight volumes
increase significantly, even better aircraft designs might only keep noise at current levels
rather than lowering it. This context helps to explain the significant efforts directed to-
ward investigating and reducing noise in the field of air transport.

1.1.4. AERODYNAMIC NOISE

In the aviation sector, the most significant sources of noise emissions are the aeroacous-
tic ones, i.e. those generated aerodynamically. The same holds true for the rapidly evolving
Urban Air Mobility (UAM) sector and the wind energy industry, where aeroacoustic noise
remains a major obstacle to the integration and acceptance of these technologies in or
near urban environments [10]. The ongoing challenge of investigating and reducing
noise has driven long-term research and interest in the field of aeroacoustics, originally
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sparked by the need to reduce jet noise from early aeroengines, as the widespread diffu-
sion of jet aviation in the 1960s and 1970s made aircraft noise a major concern for com-
munities near airports. Since then, numerous other flow-induced noise sources have
been identified, studied, and, in some cases, mitigated. In fixed-wing aircraft, the re-
duction of jet noise and the rise of turbofan engines highlighted additional contribut-
ors to overall emissions, notably noise from landing gear and high-lift devices. There-
after, the development of helicopter technology spurred extensive research into flow-
induced sources related to rotational motion, including trailing-edge noise (classified
among “self-noise" sources), blade-vortex interaction noise, and turbulence-interaction
noise, which result from the interaction with the incoming airflow. More recently, signi-
ficant attention has been given to the expanding wind energy sector and urban air mo-
bility (UAM), both affected by many of the same mechanisms observed in aviation.

Among the different flow-induced noise sources discussed above, turbulence-interaction
noise remains a particularly challenging and critical issue due to the diversity and het-
erogeneity of the affected applications, which makes its investigation and control espe-
cially difficult. Indeed, the interaction mechanisms differ substantially across the vari-
ous configurations previously mentioned: an aeroengine, the rotor of a UAM vehicle, a
wind turbine, a ventilation fan, or a helicopter. These applications differ in several fun-
damental aspects. For instance, the flow regime varies significantly when considering
the wide range of Reynolds numbers and rotational speeds involved. Similarly, the inflow
conditions, such as turbulence characteristics, scales, and intensity, can differ dramat-
ically. The large-scale atmospheric turbulence encountered by a wind turbine or heli-
copter is entirely unlike the small-scale, nearly homogeneous turbulence generated by a
heat exchanger interacting with a ventilation fan. Likewise, the inflow of a UAM vehicle
is influenced by the complex, unsteady wake structures characteristic of urban environ-
ments, while in an aeroengine, the inflow is shaped by the stator wake impinging upon
the downstream rotor. Additionally, the significant variations in rotor and blade geomet-
ries among these applications further influence the nature of the flow interactions and
the resulting noise generation. This phenomenon is especially evident in wind turbines,
where the continuous increase in blade size to maximize energy capture has resulted in
thicker blades that appear to influence acoustic emissions, although the precise effects
are not yet fully understood [13, 14]. The ongoing challenge to physically characterise
and model all these different configurations explains why turbulence-interaction noise
remains a central topic in aeroacoustic research. The next section provides an overview
of the state of the art in terms of physical characterisation and low-fidelity prediction,
focusing respectively on turbulence-interaction noise in rectilinear and rotational mo-
tion.

1.2. TURBULENCE-INTERACTION NOISE: GENERATION AND PRE-
DICTION

Turbulence-interaction noise is a flow-induced sound source produced by the interac-
tion of incoming turbulence with an aerodynamic surface. Such a sound-generation
mechanism may arise for a wing in rectilinear motion or a blade in rotational motion,
with only the turbulence-interaction physics differing between the two flow configura-
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tions.

The earliest identification and analytical modelling of this noise source dates back
to the seventies [15-19], but several factors justify the long-standing academic and in-
dustrial interest in its analysis, as noted earlier: the successful results achieved in the
reduction of other prevailing noise sources [20, 21], its relevance in high-speed applica-
tions, e.g. propellers and rotors in propulsive systems [19, 22, 23], as well as low-speed
ones, e.g. fans in cooling systems or wind turbines [10, 13, 24], and the complexity of
the physics involved in the sound production in such diverse applications. These phys-
ical mechanisms deserve particular attention, as the accuracy of their description and
modelling affects the reliability of low-fidelity noise-prediction models. Such models
play a crucial role in the design and optimisation of wings and blades due to their lower
computational cost compared to numerical simulations. In this case, far-field acoustic
pressure is derived from a statistical characterisation of the flow field using analytical or
semi-empirical relations to model sound-production mechanisms.

As the physical mechanisms involved in the turbulence interaction and low-fidelity
modelling through semi-empirical or analytical formulations differ significantly between
rectilinear and rotational motion, these will be introduced separately hereafter. To avoid
confusion between the two configurations, two alternative terms, drawn from the range
of definitions found in the literature, will be adopted in place of turbulence-interaction
noise throughout this work, depending on the context. The term leading-edge noise will
refer to cases involving rectilinear motion, while turbulence-ingestion noise will be used
for rotational motion.

1.2.1. RECTILINEAR-MOTION CONFIGURATION

The generation of turbulence-interaction noise in rectilinear motion represents the simplest

configuration for this flow-induced sound source and most closely approximates an ideal-
ised model setup. The interaction that occurs in rotational motion is essentially the
same, but it involves additional dynamics associated with more complex turbulence in-
teractions. Consequently, although turbulence-interaction noise in rectilinear motion is
relevant to only a few practical applications, this configuration has nevertheless become
the focus of a substantial body of dedicated literature, as it has long served as a simplified
reference case for analysing and modelling the same mechanism in rotational motion.
The most common low-fidelity model for predicting turbulence-ingestion noise, as
will be discussed later on, is based indeed on the leading-edge model proposed by Amiet
[16] for a fixed-wing configuration. In this semi-analytical method, the power spectral
density (PSD) of the far-field noise produced by a flat plate in a subsonic turbulent flow is
related to the characteristics of the upstream turbulence by means of a transfer function
that models the surface response to a sinusoidal gust. The agreement with the experi-
mental data was shown to be satisfactory for flat plates and thin aerofoils, in particular
for high-speed flow [17, 25]. Nevertheless, the accuracy of the method decreases in the
case of thicker aerodynamic surfaces, in particular in the high-frequency range, as poin-
ted out by Paterson and Amiet [17]. Such a discrepancy was attributed to the fact that
the model does not take into account effects due to the real geometry of the blade. The
breakdown of the theory was observed to occur for Strouhal numbers ft/Uy, = 1, with f
being the sound frequency, ¢ the thickness of the body, and U, the free-stream velocity,
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Figure 1.3: Noise produced in rectilinear motion by the interaction of incoming turbulence with an aerofoil
leading-edge.

i.e. for wavelengths of the incoming turbulent structures smaller than the thickness of
the aerofoil. Indeed, the deformation undergone by these structures during the interac-
tion with a thick leading edge is not taken into account in the model, which adopts as
input a canonical turbulence spectrum, such as the von Kdrmdn or the Liepmann ones.

The effects of the aerofoil geometry on its aerodynamic and acoustic response were
confirmed by the analytical study of Goldstein and Atassi [26], which was based on the
distortion of a gust described as a small vortical disturbance convected by the mean flow.
The model showed that the influence of the thickness on the streamlines could lead to
an additional deformation of the incoming gusts, causing a variation of the unsteady lift
in the high-frequency range. A following experimental investigation by Olsen and Wag-
ner [27] corroborated this result from an acoustic point of view by reporting a far-field
noise attenuation in the high-frequency range as the thickness increases. Atassi et al.
[28] and Lockard and Morris [29] extended these findings by noticing that the effects
of thickness occurred for gust wavelengths shorter than the aerofoil chord and mostly
for downstream observer locations. Glegg and Devenport [30] showed that, for blade-
vortex interaction, the peak of unsteady lift on the leading edge due to the passing of
a vortex is reduced when the vortical element is closer to the surface and moves down-
stream when the thickness of the aerofoil increases, also experiencing a further decrease.
In subsequent work, Glegg and Devenport [31] employed a panel method to develop a
noise-prediction model able to capture this high-frequency attenuation due to the thick-
ness, improving the prediction of Amiet’s model.

Further investigations have been conducted to determine how the geometrical char-
acteristics of the aerofoil impact the distortion of incoming turbulent eddies and affect
far-field noise. In a series of wind tunnel tests, Oerlemans [32] found that the shape of
the leading edge, more precisely its sharpness, could affect noise-generation efficiency,
with more rounded aerofoils producing less noise. The same direction was taken in the
experimental investigation of Hall et al. [33], who modified the leading-edge shape by
altering the first 10% of an ad-hoc designed aerofoil. The maximum noise reduction
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was obtained at reduced frequencies, computed with respect to the leading-edge thick-
ness, of the order of 1. It was hypothesised that the changes in the flow incidence af-
fected the noise generation, thus highlighting the relevance of the pressure distribution
over the aerofoil on far-field noise and excluding a unique dependence on the relation
between the incoming turbulence scale and the leading-edge thickness. The effects of
turbulence distortion on noise generation and the role of aerofoil geometry were in-
vestigated through an extensive experimental campaign by Chaitanya et al. [34], who
concluded that the aerofoil thickness and leading-edge shape are the main geometrical
characteristics affecting the noise-generation efficiency, with the latter being particu-
larly relevant in the high-frequency range. No significant effect of camber and angle
of attack was found, as also confirmed experimentally by Devenport et al. [35], in the
case of isotropic turbulence interacting with the aerofoil. Gill et al. [36] conducted a sys-
tematic study using a code solving the linearised Euler equations to investigate the role
of aerofoil thickness and leading-edge radius in high-frequency noise attenuation. The
analysis was carried out using single-frequency harmonic gusts interacting with several
NACA 4-digit aerofoils. Interestingly, the noise mitigation obtained by increasing the
leading-edge radius was shown to be smaller and occurred at higher frequencies than
that obtained for larger thicknesses. In particular, an overprediction of Amiet’s model
was observed for ratios of ¢/ A > 4, ¢ being the chord of the aerofoil and A the wavelength
of the perturbating gust, for increasing leading-edge radii, and for ratios of ¢/A > 1 for in-
creasing aerofoil thicknesses. In both cases, the noise reduction associated with thicker
aerofoils was more evident for downstream observer positions, while an increase was
observed in upstream positions in the case of larger leading-edge radii. The authors
attributed these effects to the distortion of the vortical gusts due to the velocity gradi-
ents present in the stagnation region, which caused the gust wavefront to be smoothed
and its amplitude to decrease. Bowen et al. [37] assessed the influence of turbulence
characteristics on leading-edge noise by experimentally investigating alterations to the
velocity field and surface-pressure distribution in the stagnation region of an aerofoil.
The sound-production efficiency was shown to be directly related to the intensity and
the integral length scale of the incoming turbulence, which also affects the energy levels
of the surface-pressure spectra on the leading edge. At the same time, it was concluded
that the noise generation at the leading edge was mainly induced by the flow field in the
vicinity of the stagnation point.

Several approaches have been developed to enhance the accuracy of leading-edge
noise prediction by taking into account aerofoil thickness effects. An analytical proced-
ure was followed by Guidati et al. [38], who employed a boundary-element method to
model the sound generated by point vortices convected along the mean-flow stream-
lines to formulate a correction to Amiet’s model. Subsequently, Moriarty et al. [25] showed
that such a combination was able to provide a satisfactory agreement with the experi-
mental data in terms of the spectrum decay slope at different angles of attack and Mach
numbers, but a tuning constant of 10dB had to be added to the prediction. Moreover,
a significant underestimation was still observed in the high-frequency range in compar-
ison to the measurements for thicker aerofoils. Gershfeld [39] obtained good agreement
with the experimental measurements of Paterson and Amiet [17] by implementing an ex-
ponential function to model the effects of aerofoil thickness on noise radiation. The cor-
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rection was based on a rigid surface Green’s function taking into account aerofoil thick-
ness and back-scattering due to the aerofoil non-compactness [40]. In addition, Lysak
et al. [41] and Kim et al. [42] observed that the aerofoil thickness causes an exponential
decay in the high-frequency range for the unsteady response of the blade and the far-
field noise, respectively. In both of their works, a correction factor for flat-plate-based
noise-prediction models was developed in the form of an exponential function of the
Mach number, aerofoil thickness, and leading-edge thickness by fitting the respective
reference data, with which a good agreement was shown.

Recent efforts have focused on describing the alteration of the turbulent flow field
in the interaction with the aerofoil to account for turbulence-distortion effects in exist-
ing low-fidelity noise-prediction methods. The problem of the deformation of turbulent
structures was first investigated by Prandtl [43] and Taylor [44], who studied the distor-
tion of the vorticity field in the contraction section of a wind tunnel. The rapid distortion
theory (RDT) was then formulated by Hunt [45], starting from the works of Ribner and
Tucker [46] and Batchelor and Proudman [47], to model the changes that the velocity
field experiences in the interaction with a bluff body. The RDT assumes the distortion
of the turbulent structures to occur rapidly enough to yield a negligible contribution
from the turbulence to the relative motion of the fluid particles when these are convec-
ted through the non-uniform mean flow region. Moreover, the velocity fluctuations of
the incoming flow are supposed to be small compared with the free-stream velocity. In
his work, Hunt carried out a wavenumber analysis to compute the homogeneous tur-
bulent flow past a circular cylinder. Velocity spectra and variances were derived in the
asymptotic cases where the turbulence integral length scale L; can be considered much
smaller or larger than the characteristic dimension of the bluff body a, e.g. the radius in
the case of the cylinder. The results of this investigation identified different mechanisms
by which turbulent structures are deformed according to the ratio L;/a. In particular,
for L /a > 1, the prevailing distortion mechanism is due to the blockage imposed by the
presence of the body, which causes a momentum transfer between the streamwise and
the upwash velocity components of a fluid element approaching the cylinder along the
stagnation streamline. As a result, the streamwise velocity fluctuations decrease near
the surface while the upwash ones increase. For small-scale structures (Ly/a < 1) or
high wavenumbers of the incident turbulence, the dominant distortion mechanism is
determined by the deformation of the vorticity field due to the deflection of the stream-
lines upstream and around the body. The altered vorticity field, in turn, induces changes
in the velocity fluctuations depending on the stretching or shortening of the vortex lines
as they are convected towards the surface. In particular, the streamwise and spanwise
velocity fluctuations increase while the upwash ones decrease, leading to a steeper de-
cay slope of the spectrum of the latter at high wavenumbers.

The variation of the high-frequency decay of the upwash velocity component spec-
trum was used by Moreau and Roger [48] to modify the von Kdrmén spectrum, which
serves as an input in Amiet’s model to describe the incoming turbulence. This approach,
even though limited to the investigated case and relying on two case-specific constants,
made it possible to improve the agreement with the experimental data obtained for a
NACA 0012 and confirmed the potential benefit in terms of noise-prediction accuracy
achievable by accounting for turbulence distortion. Similar approaches were proposed
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by Christophe [49], De Santana et al. [50], and dos Santos et al. [51, 52]. They attempted
to generalise the methodology of Moreau and Roger [48] imposing the conservation of
variance with respect to the upstream undistorted flow conditions. However, this ap-
proach neglects the alteration of the spectrum in the low-wavenumber range and the in-
crease of the root-mean-square of the velocity fluctuations, which indicates a variation
of the gust energy as it approaches the leading edge. This limitation, together with the
reliance on the identification of a position in the stagnation region where the turbulence
characteristics should be sampled to scale the turbulence spectrum, limits the general-
ity of the correction, as pointed out by the same authors. The application of the RDT to
aerofoils relies on the identification of an equivalent characteristic dimension a, which
has yet to be conclusively identified. Mish and Devenport [53, 54] proposed the leading-
edge radius, while dos Santos et al. [55] argued that the average aerofoil thickness before
the position of maximum thickness is the appropriate dimension to consider.

The effect of realistic geometrical parameters on the accuracy of the noise predic-
tion was also investigated by assessing the role of the aeroacoustic transfer function
in Amiet’s model. This function, related to the pressure jump across the body due to
the interaction with an incoming perturbation, can be expressed analytically in the case
of a flat plate, whereas more cumbersome numerical and analytical procedures are re-
quired for real geometries. De Santana [56] carried out an extensive analysis taking sep-
arately into account the compact and non-compact frequency regimes. In the former
case, adding two iterations of the Schwarzschild theorem to the two performed in the
original formulation of Amiet proved to reduce the overprediction of noise levels in the
low-frequency range. In the non-compact frequency regime, the Helmholtz equation
prescribed by the linearised aerofoil theory was solved numerically with the purpose
of improving the modelling of realistic aerofoil geometries. The procedure yielded ac-
ceptable results and, most interestingly, highlighted the crucial role played by the aero-
foil thickness on the acoustic radiation of the body, whose main effect is a reduction
of the noise prediction at higher frequencies. The methodology proposed for the com-
pact regime followed the work of Christophe [49], who extended to the case of inflow-
turbulence noise the approach carried out by Roger and Moreau [57] and Moreau and
Roger [58] to include back-scattering effects in Amiet’s theory for trailing-edge noise. A
further advancement in this direction was proposed by Bresciani et al. [59] to improve
the accuracy of low-frequency noise prediction. Their contribution introduced a novel
approach aimed at generalising the calculation of the second iteration of the Schwar-
zschild theorem within Amiet’s theory, which is required to predict back-scattering ef-
fects. This formulation eliminates the need for the regularisation and corrective pro-
cedures commonly employed in the literature and has proven particularly effective for
acoustically compact aerofoils. A numerical approach to model the effects of aerofoil
realistic geometries was proposed by Miotto et al. [60], who applied a boundary-element
method to calculate the compressible aeroacoustic transfer function of an aerofoil of
non-negligible thickness but still described by linearised theory. They demonstrated
that, when compressibility effects are small, the aerofoil thickness causes the loading
distribution to decrease, reducing, in turn, the noise generation. On the contrary, the
surface loading and, hence, the noise scattering were observed to increase when com-
pressibility effects become significant.
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All the body of work mentioned above has shown that the distortion of turbulent
structures in the interaction with a solid body can significantly affect leading-edge noise
generation, and that low-fidelity methods can benefit from the modelling of these ef-
fects. However, a scattered framework emerges for the enhancement of leading-edge
noise predictions in the case of realistic aerofoil geometries. Regarding the description
of the altered turbulent field interacting with the aerofoil, the RDT has played a sem-
inal role, although several shortcomings limit the general validity of currently imple-
mented methodologies. As they lack support from a thorough physical investigation,
these methods are hardly generalisable and rely on empirically tuned input paramet-
ers and the choice of a sampling location to evaluate turbulence characteristics. Con-
versely, procedures developed to improve the modelling of the acoustic response via the
aeroacoustic transfer function still depend on cumbersome numerical methods. What
emerges is a clear gap in the literature that must be addressed. First, an accurate phys-
ical investigation is required to analyse noise-generation mechanisms induced by turbu-
lence interaction with aerofoil geometries. Second, there is the need for a systematic and
general corrective approach to account for the aerofoil-geometry effects in leading-edge
noise prediction, which has yet to be defined.

1.2.2. ROTATIONAL-MOTION CONFIGURATION

As previously noted, interest in turbulence-interaction noise was driven by applications
involving rotational motion, particularly in helicopters and aeroengines. Since the late
2010s, however, research on this flow-induced noise has progressively increased and ex-
tended into additional sectors. This trend was initially driven by the widespread de-
velopment of onshore wind farms, which require substantial noise mitigation efforts.
More recently, the growing interest in UAM has renewed attention to this type of noise
source [61]. Indeed, this field has experienced rapid expansion in recent years, with a
diverse range of potential applications envisioned for this technology. This has driven
considerable growth in research efforts. In particular, significant focus is being directed
toward the optimisation of the acoustic performance of rotors, dominated by aerody-
namic noise, as it represents one of the main obstacles to the diffusion of UAM [62, 63].
The investigation of turbulence-ingestion noise is especially important due to the highly
turbulent flows characterising urban environments, where UAM vehicles are planned to
operate and where minimisation of acoustic emissions is crucial. In addition, for UAM
vehicles, the broadband noise component may not only be comparable to the tonal one,
a key difference from previously studied rotorcraft applications, but also practically over-
laps with the human hearing range [61, 64, 65].

The noise generated by the unsteady surface pressure induced by turbulence be-
ing ingested on the blades was investigated and modelled for the first time by Shar-
land [66] for the case of a fan. Sound is generated by a wide range of turbulence scales,
ranging from the diameter of the rotor to the thickness of the blade [67]. These turbu-
lent structures are deformed by the rotor-induced streamtube, as first shown by Hanson
[68]. This implies that, even assuming a state of homogeneity and isotropy for the tur-
bulence far away from the rotor, noise is actually generated by the interaction of aniso-
tropic turbulence with the blades. In particular, Hanson [68] showed that the contracting
streamtube induces a stretching of the turbulent structures into elongated eddies, which
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are hence prone to be cut multiple times by the passage of different blades. This mech-
anism, defined as blade-to-blade correlation, causes partially coherent unsteady surface
pressure on different blades, adding quasi-tonal peaks at the blade-passage frequency
(BPF) harmonics to the mainly broadband characteristics of the turbulence-ingestion
noise spectra. This narrow-band noise feature is also referred to as haystacking [69].
Hanson [68] also developed a model for sound prediction, using flow-field measure-
ments and surface pressure as input to characterise the statistical distribution of ed-
dies. These were incorporated into random pulse-modulation theory to calculate the
unsteady blade forces and the resulting noise.

Hanson’s work laid the foundation for the study of Majumdar and Peake [70], who
employed RDT, following Goldstein’s formulation [71], to account for turbulence distor-
tion in the streamtube in the case of an aero engine. The same approach was also used
by Simonich et al. [67, 72] and Amiet et al. [22] to investigate turbulence-ingestion noise
in helicopters. Their findings demonstrated that turbulence distortion is influenced by
the operating conditions of the rotor, since the contraction of the streamtube varies with
the operating regime. Specifically, they observed significant turbulence alteration at low
free-stream velocities, such as in hover and low-speed ascent, where the streamtube
contraction is most pronounced. In contrast, in forward flight and high-speed ascent,
the deformation of turbulent structures is less pronounced. The model was also capable
of accounting for the effects of blade-to-blade correlation (referred to as “B2B" from now
on).

The theory of Amiet [73] was based on the formulation developed for a wing in recti-
linear motion, for which radiated sound was related to the inflow-turbulence spectrum
through the aerodynamic and acoustic response of a linearised aerofoil, i.e., a flat plate
[16]. This framework was extended to the rotational motion by assuming that it could
be approximated to a rectilinear one. This assumption holds for acoustic frequencies
significantly larger than the rotor rotational speed. Amiet’s approach overcame the low-
frequency limitations of the earlier model by Homicz and George [74], which treated the
blade as a moving dipole source by relying on a low-frequency response function and a
blade-compactness assumption to compute unsteady loading and the resulting acoustic
pressure field. Amiet’s model has thus emerged as the most robust and feasible theory for
low-fidelity turbulence-ingestion noise prediction. This has recently been confirmed by
Raposo and Azarpeyvand [69], which proved that the model can effectively capture both
broadband characteristics and narrow-band haystacking features despite all assump-
tions regarding blade geometry and inflow conditions.

Therefore, in a simple turbulence-rotor interaction configuration, two intrinsically
related and consecutive physical mechanisms characterise the interaction: the elong-
ation of turbulent structures due to streamtube contraction and their subsequent re-
peated chopping by multiple blades. In theory, another physical mechanism is expected
to influence turbulence alteration during its interaction with the blades, thereby affect-
ing noise generation and prediction. This is the deformation induced by the flow that
accelerates along the leading edge itself, investigated and modelled by several studies
[50, 51], which proved its relevance in high-frequency noise in the two-dimensional re-
gime in the case of blunt aerofoils. No studies currently investigate or model this effect
for rotating blades, but this is expected to play a significant role in the case of small-scale
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Figure 1.4: Physical mechanisms undergone by turbulence approaching a rotor.

turbulence relative to the leading-edge radius, e.g. for thick blades, and at significant
pitch angles [75]. A conceptual representation of turbulence alteration in the interaction
with a rotor is reported in Fig. 1.4.

Different yet equally complex phenomena govern the interaction between incom-
ing turbulence and a wind turbine (or, more generally, any rotor performing negative
work on the fluid), for which the streamtube is actually diverging. In such cases, the
stronger variation in cross-sectional area, resulting from the higher aerodynamic load-
ing of turbines compared with propellers, leads to a more pronounced alteration of the
turbulence structures. Furthermore, the ongoing trend toward increasing blade lengths
to enhance rated power output is accompanied by a progressive thickening of the blade
sections, meaning that distortion mechanisms occurring at the leading-edge because of
aerofoil thickness are expected to become increasingly significant.

The studies mentioned above clearly demonstrate the complexity of the physical
mechanisms underlying turbulence-interaction noise generation and modelling. Moreover,
in the case of rotors, the growing variety of configurations and operating conditions en-
visioned for UAM vehicles has led to increasingly heterogeneous and complex geomet-
ries and inflow conditions. In addition to the previously discussed distortion mechan-
isms, these factors introduce new and unexplored interactions that can influence noise
generation. This highlights the need for further research on low-fidelity noise predic-
tion, emphasising the importance of direct physical investigations before engaging in
any modelling efforts [76].

1.3. THESIS OBJECTIVES AND STRUCTURE

This work presents an enhanced methodology for describing and modelling turbulence-
distortion effects to improve the accuracy of a low-fidelity prediction of turbulence-
interaction noise. The approach begins by analysing rectilinear motion and is then ex-
tended to more realistic full-scale applications, which predominantly involve configur-
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ations operating in rotational regimes. The investigation has thus been structured into
conceptually consecutive phases, each with a clearly defined objective, as outlined be-
low:

1. PHYSICAL ANALYSIS: description of turbulence distortion mechanism in the case
of an aerofoil of non-negligible thickness and assessment of the impact on noise
generation and prediction;

2. ANALYTICAL MODELLING: development of an analytical framework to incorporate
turbulence-distortion effects into low-fidelity noise prediction tools;

3. FULL-SCALE APPLICATION: establishment of the physical and analytical frame-
work needed to evaluate the impact of these advancements in the context of ro-
tational motion.

This structure mirrors the layout of the manuscript. Following an overview of the
relevant theoretical background in Chapter 2 and a description of the experimental and
numerical setups in Chapter 3, the physical analysis of turbulence-interaction noise is
presented in Chapter 4. The effects of turbulence distortion on noise generation are ex-
amined for grid-aerofoil configuration, and a potential approach is proposed to enhance
the accuracy of low-fidelity prediction methods by accounting for these effects. This
first conceptual phase aims to lay the physical foundation for the subsequent stages of
the work and to address the previously identified gap in the literature concerning the
incorporation of turbulence-distortion effects into low-fidelity models of turbulence-
interaction noise. At present, the way in which this mechanism should be represented
remains unclear, and existing models lack a comprehensive physical justification. The
physical framework developed in this phase is therefore essential to support the analyt-
ical modelling of this mechanism, presented in Chapter 5. This chapter details the ana-
lytical methodology developed to model turbulence-distortion effects using a limited set
of commonly available turbulence characteristics and to include these effects in Amiet’s
model. This methodology is validated through numerical simulations of symmetrical
and cambered aerofoils with varying geometries and loading conditions, as well as ex-
perimental data involving aerofoils of increasing thickness. The intent is to address the
previously mentioned need for a general corrective approach to account for turbulence-
distortion effects influencing noise-generation mechanisms in thick aerofoil geometries.
This advancement is achieved through a formulation based on simple closed-form RDT
expressions in their original form, without relying on any empirical tuning, and whose
application is, most importantly, supported and validated by the results from the phys-
ical investigation conducted in the first conceptual phase. Chapter 6 extends the ana-
lysis to rotational motion, detailing the modifications necessary to adapt Amiet’s ori-
ginal low-fidelity model to implement the enhanced framework developed to describe
and model turbulence alteration. From a broader perspective, these modifications ex-
tend Amiet’s model and establish it as a robust and versatile low-fidelity prediction tool
to estimate turbulence-interaction noise in complex flow and geometric configurations.
Finally, Chapter 7 summarises the key findings of this work and outlines directions for
future research.



THEORETICAL BACKGROUND

This chapter provides a concise yet comprehensive overview of the key analytical formu-
lations employed in the present investigation. The first part introduces Amiet’s theory in
both its original formulation for rectilinear motion [16] and its subsequent extension to
rotational motion [73]. Owing to its robustness and widespread adoption, this model
serves as the foundational framework for the current analysis. Its relatively simple struc-
ture offers an ideal low-fidelity representation of turbulence-interaction noise, enabling
effective evaluation of turbulence-distortion effects on noise generation and prediction.

The second part briefly outlines rapid distortion theory as developed by Hunt [45].
The primary assumptions and initial formulation of the problem are presented, with par-
ticular emphasis on the asymptotic results and their derivation. These results form the
theoretical basis for the analytical corrections to Amiet’s model discussed in Chapter 5
for aerofoils with non-negligible thickness.

For clarity, the notation for spatial coordinates and velocity used throughout this
work is specified here. Coordinate systems are expressed by the vector

X1
X = X2
X3

For velocities, mean and fluctuation are denoted as follows:

uy Ltl
u=u+u'=| w |(+| u
ﬁg u:l,)

The free-stream velocity is denoted by the subscript . Alternatively, in Chapter 4 and
Chapter 5, yps is used for “upstream,” in contrast to i, which denotes “distorted” flow
conditions. The adopted notation is defined as follows

ﬁl,oo
Uoo=| Uze0 |, With [Ueo|=Us. 2.1)
ﬁ?),oo

15
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X x5
Uoo

X3

Figure 2.1: Sketch of the flat plate interacting with a turbulent gust considered in Amiet’s theory.

2.1. AMIET’S MODEL

2.1.1. LOW-FIDELITY PREDICTION FOR RECTILINEAR MOTION
A brief summary of Amiet’s theory is provided hereafter. The notation used is consist-
ent with that employed by Amiet [16], but the axes (and consequently the notation for
the velocity components) have been changed to be consistent with the reference system
of the investigation carried out in this work (introduced in Chapter 3). The reference
system is centred at the leading edge, x; is the streamwise direction, x is the upwash
direction, and x3 is the spanwise direction. The spatial wavenumbers along the three
directions are ki, k2, and ks, respectively. A conceptual sketch is shown in Fig. 2.1.
Amiet’s model relies upon two simplifying hypotheses: the turbulence is assumed to
be frozen while convecting and impinging on the leading edge, and the aerofoil is con-
sidered to be an infinitely-thin flat plate of chord c and with large span L, thus neglecting
the effects of thickness, camber, and angle of attack. These hypotheses allow the incid-
ent gust, with which the flat plate is interacting, to be modelled as a two-dimensional
upwash velocity gust with amplitude u, o and wavenumbers k; and k3:

U (X1, X3) = Up gellk1 ool =x1)~ksxa] 2.2)

The pressure jump across the flat plate will be, hence, expressed as
Ap (x1,X3, 1) = TP UooCliz 08 (X1, k1, kg)e! k351~ F1 0o, (2.3)

where g (x1, k1, k3) is the transfer function between the turbulent velocity and pressure
jump, and p is the density. The pressure jump due to all the wavenumber components
will hence be indicated by

Ap (X1, %3, 1) = 2P0 Uso ff lo g (K1, k3) g (x1, k1, ks) e/ ks =k1UD q ) dies, 2.4)
with
1
@2m?
The variable R, large but finite, was employed in the original formulation to prevent con-

vergence difficulties in the integration. By calculating the integration time as T = R/U,
the Fourier transform with respect to time between + T can be calculated, leading to

R .
iy, g (K1, k3) = ff Up (X1, x3) e 11X1K2S) e g (2.5)
-R

AP (x1,X3,0) = ZT[poof lo,r (K1, k3) g (x1, K7, ks) e ks %3) d g, (2.6)



2.1. AMIET’S MODEL 17

The assumption of frozen turbulence has been used by considering K = —w/Ux, which
shows that a given frequency of the pressure jump is induced by the value —w/ Uy of the
streamwise turbulent wavenumber. Equation (2.6) is obtained by taking into account
that

T—ooJ—

T .
lim | e%'dr=276().
T

Amiet showed that the cross-spectral density Sgg of the pressure jump between two
points on the surface with coordinates (x;, x3) and (xi, xg) can be expressed as a function
of the two-dimensional wavenumber component ¥»;, (kj, k3) via the transfer function
g (x1, k1, ko)

+00
Sqgq (x1,x),n,0) = (ﬂpooc)zf g' ta, Ky, ks) g (%1, K1, ks)
—00

x Way (K1, k3) €M dks.  (2.7)

gT (x1, k1, k3) is the complex conjugate of the transfer function g (x1, k1, k3), whereas n =
x4 — X3 is the non-dimensionalised spanwise separation of the two points on the surface.

The cross-spectral density of the surface pressure can then be related to the far-field
sound using the theory of Curle [77], according to which the acoustic response of an
aerofoil can be obtained by considering a distribution of dipoles on the surface with the
same strength of the force acting on the surface itself. If the far-field pressure produced
by an elementary force F (x1,9, X3, ) €’k acting on the point xo = (x1,0,0, x3,0) is in-
dicated with p; (xl, X2, X3,W, X1,0, .X,'3y()), this can be expressed as

Moo (x1-%1,0) ~000 ! x1,0+x3%3,06

t+
coof? coof?000 ] . (2.8)

ia)X3F (xl,(), X3,0» w) eiw

p1 (xl;erx?nw;xl,Orx?),O) =
4TC0 0%,

where M is the free-stream Mach number, and c, is the speed of sound. The effects of
convection are accounted for in the variable 0, whose expression is

Oo0 = \/ (0 = x1.0)° + B2 | (52 = 2.0)” + (3 = 3.0)% ], 2.9)

with § =4/1— M2, being the compressibility factor.

By integrating the cross-spectral density of the pressure jump on the whole surface,
the loading acting on the aerofoil can be related to the far-field acoustic pressure Sy, in
x through

wX3
Spp (%, 0) = (47T60002 ) fff Sqq (*1,%1,m,0)

=)Mo 2222

Joo Joo

x g0 2[5 dx;dx}dx,dx). (2.10)

By substituting Eq. (2.7) in Eq. (2.10), the far-field acoustic pressure as a function of in-
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coming turbulence spectrum can be expressed as

WX pooc)2 L
2Co002, 2
+o00 sin® [15 (kg + szf;)]

Xf_oo (k3+ Oxs )27'[L

Coo0 0 2

Spp (x,w) = (

| L (x, K1, k3) > Wap (K7, k) dks.  (2.11)

% is the total aeroacoustic transfer function, retrieved from the transfer function g (x;, Ki, k3)
through

L2 )
f(xhKl,ks):f / g(xl,o,Kl,k3)e_lwxl'O(M""_xl/U‘x’)/c""ﬁzdxm- (2.12)
-2

In the case of a flat plate, this function can be calculated analytically, while, for thicker
aerofoils, numerical methodologies must be carried out [60]. The formulation employed
in this thesis implements the derivation of Christophe [49], Rozenberg [78] and De Santana
et al. [79], which derives the aeroacoustic transfer function as the sum of the leading-
edge term % and trailing-edge term %,. These two contributions express the noise
emitted by the scattering of the incoming turbulence at the leading edge and the back-
scattering correction [57] of that incident field at the trailing edge, respectively. The ex-
pressions for £ and %, are reported in Eq. (2.45) and Eq. (2.46) in the dedicated Sub-
section 2.1.3.

A simplified formulation of Amiet’s model has been implemented in the analyses
carried out in Chapter 4 and Chapter 5. Indeed, Eq. (2.11) can be simplified by assuming
a large span and considering a listener at the midspan plane of the aerofoil (x3 = 0),
where only gusts with ks = 0 contribute to the sound:

WX2P00CMoo

2
L
Swmm&m% )yxm&w%mwmw 2.13)

202,
This can be obtained as Amiet proves that, under these assumptions, ¥»; (K3, 0) in Eq. (2.11)
can be expressed as

U
¥, (K1,0) = 7@22 (w) I3 (w), (2.14)

where 0y, is the PSD of the upwash velocity fluctuations, and I3 is the spanwise coher-
ence length of the velocity fluctuations impinging on the aerofoil. This is calculated con-
sidering the spanwise distribution of the upwash velocity component at the same posi-
tions where the frequency spectrum has been sampled using the following expression:

I3 (a))=f ,/Yz, , (w, x3)dxs. (2.15)
0 Uy Uy

Here, y? is the magnitude square coherence defined as

IOSlsg ((1))|2

s (2.16)
@sl $1 (w) 65252 (w)

’}/?1 2 (U)) =

s1 being a reference time signal and s, a generic one, O, 5, and O, , the respective power
spectral densities and O, 5, the cross-spectral density of the two variables.
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Listener position with respect to rotor hub Flow velocities Orientation of the blade and main angles
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Figure 2.2: Rotor problem with key parameters and quantities.

2.1.2. LOW-FIDELITY PREDICTION FOR ROTATIONAL MOTION

A quick overview of Amiet’s model for the low-fidelity prediction of turbulence-ingestion
noise in the formulation accounting for B2B correlation is presented here. The reader is
referred to Amiet [73, 80] for a more detailed formulation.

Figure 2.2 reports a sketch of the rotor problem, together with the most important
quantities and parameters. The fixed reference frame x; is centred on the rotor hub. The
X1 — X2 plane lies in the rotor plane, while x3 corresponds to the axial direction, along
which the free-stream velocity Us o, is directed. The listener position is identified with
the distance Ry from the rotor hub and the elevation angle 8, taken with respect to the
upstream direction of the x3 axis. The azimuthal angle y = 2¢ measures the instantan-
eous angular distance of the blade from the x; axis.

For consistency with Amiet’s notation, velocities are expressed in terms of Mach num-
bers. The axial Mach number is indicated with M3, while, considering a blade element at
a distance r from the rotor hub, the tangential (or azimuthal) Mach number M; = Qr/coo
is obtained. With respect to the fixed reference frame, this is indicated in vectorial form
as

M, = (- M;siny, M cosy,0). 2.17)

In the most general configuration, the rotor is assumed to interact with a transverse ve-
locity in its plane, characterised by a Mach number M;. The angle between this velocity
and the x;-axis, fixed relative to the rotor, is denoted as w. Both M; and y are equal to
zero in the present investigation, but are kept in the formulation to preserve the general-
ity of the discussion. Taking into account these velocities, the blade element at a distance
r, simplified in Amiet’s theory into a flat plate with no radial pitch distribution, interacts
with a velocity uy, directed along the chord direction, with a Mach number indicated as
My, (see details of Fig. 1.4), which is calculated as

My =/ M2 + (M + Mcos (y + )%, (2.18)
This velocity forms an angle a with the rotor plane, obtained as

M3
M+ Mgcos(y+v) )

a = arctan (2.19)
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Following the approach of Sinayoko et al. [81], the present implementation of the model
accounts for the radial pitch distribution ¢ (r). The velocity along the blade direction is
thus given by u; = up, cosd and the corresponding Mach number is denoted as M, . Here,
6 = a— ¢ represents the angle between u;, and the chord direction, as shown in the detail
of Fig. 2.2.

The motion of the blade, and hence the relative position of the sound source with
respect to the listener, must be accounted for to retrieve the noise prediction correctly.
In the fixed reference frame, the listener position is identified by

X1,0 = R() sinH,
X2,0=0, (2.20)
x3,0 = RgcosO.
This position must be expressed in terms of the moving reference frame associated with
the blade rotation, taking into account also the retarded source position of the aero-
foil segment, i.e. the position where the source is when the acoustic wave reaches the
listener. This is indicated with x; and is expressed by
X1,s = —M;resiny,
X2,s = —Mjrecosy, (2.21)
X35 =—MsTe,

with r. being the distance of the listener from the retarded source derived as

M;scos A+1/1— M?sin? A

1-M?

re =Ry (2.22)

Ms = |/ MZ + M5 is the convection Mach number and A is the angle between M; and xo,
according to

Msinysinf + Mz cos6
i 3 ) 2.23)

M

The “present" source position x, must then be determined. This corresponds to the
position of the source as if it had moved in the chordwise direction during the time taken
by the acoustic wave to travel from its emission point identified by xs to the listener.
Amiet [80] shows that x;, reads

A = arccos (

x1,p = e[~ (M;siny + Mycosysin(y +v))],
Xp,p = Te|[M;cosy — Mgsinysin (y +v)], (2.24)
X3yp =0.

With respect to xp, the listener will be identified by xo — x;,. Accounting for the rotation
around the x3 axis to consider the azimuthal rotation (71/2 —y) with a rotation matrix R3

cos(Z-7) —sin(3-7) 0
Rs=[sin(5-y) cos(Z-y) Of, (2.25)
0 0 1
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and for the angle a formed by the blade with respect to the rotor plane with a rotation
matrix R,
cosa 0 -—sina
R, = 0 1 0 (2.26)
sina 0 cosa

(as in the formulation of Sinayoko et al. [81]), the position of the listener xp in the blade
reference frame (from which the subscript ) is finally obtained as

xg = RoR3 (X0 —%p), (2.27)
resulting in

x1,8 = [(x1,0 = x1,p) siny — (x2,0 — x2,p) cosy]| cosa — (x30 — Xx3p) sina;
X2, = (X1,0 — X1,p) COSY + (X2,0 — X2,p) SiNY; (2.28)

x3,8 = [(x1,0 — x1,p) siny — (2,0 — X2,p) cOSY| sina + (x3,0 — X3,p) cOs .

Once the motion of the sound source is taken into account, Amiet [73] treats the
sound produced by each rotating blade at a certain azimuthal position as if it was gener-
ated in rectilinear motion, enabling the application of the analytical model [16] to the ro-
tating regime. This procedure relies on a fundamental assumption: the frequency range
of the noise is much higher than the rotational speed of the rotor.

The far-field acoustic pressure Sy, (X, wo) at the listener position xg = (xLB, X2,B, x3,B),
with wg = 27tf being the sound frequency as heard by the observer in the fixed refer-
ence frame, is hence retrieved through the azimuthal average of the instantaneous noise
emission S;,p (xB,wo,y) through

Xp, W) = — — Xg, W, . .
pp \AB, W0 27t 0 wo pp B,Wo,Y ) Ay
wp/wy describes the Doppler’s effect due to the sound source motion with respect to the
listener position. This is calculated as

w M;-§
_0:1++,
wpy 1-M, -8

with M; representing the Mach number of the source with respect to the fluid, expressed
in vectorial form as

M; = (Mssiny — M;siny, Mgcosy + M cosy, Ms), (2.30)
§ being the unit vector from the retarded source position to the listener according to

N X1,s —X1,0 X2,s —X2,0 X3,s —X3,0
§= , , . (2.31)
Te Te Te

S;,p (xB,wo,7), expressed in terms of the Doppler shifted frequency as heard by the

listener wo, is related to Sy, (xp,ws,7), depending on the angular frequency of the blade
forces wg through

w
Slpp (XBr waY) = w_ispp (XBr wBrY)y (232)
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meaning that a factor (wg/wg)? will appear in Eq. (2.29).

In the formulation accounting for the correlation of the unsteady surface pressure
induced by the chopping of an eddie by more than one blade, Sy, (xs,ws, ) takes the
form

S 21
Spp (%8,08,7) = GIL (K1, Ko, M) Y. @3 (K1 Ko K| ——=—,  (2.39)
n="oo (5)" ug'Xs
with )
X c L\—5(c)2
G:(%) nUl(—)ugz(f) . (2:34)
205005, 2 2

The blade geometry is represented by the chord ¢ and the span L, while the convection
factor 0 is calculated in this case as 0o = \/xfB +p7 (xg s+ ng), with By = /1- Mz,

% (K1, K3, M) is the aeroacoustic transfer function, for which the original formulation

of Amiet [80] has been used, while @33 (Kl LK, Kén)) is the three-dimensional turbulence
spectrum. The wavenumbers are calculated as

w

K =—,
up
WBX2,B

K=—="—,

2 CoaOos (2.35)
2nn+wy T
KW= T2

X3

K; takes this form under the hypothesis of frozen turbulence, while K, under the large-
span wing assumption, i.e. My, K; L/2 > 0, and KSE") is obtained in the framework of
the B2B correlation. The latter term features the Doppler-shifted frequency wy, the time
between consecutive chops of a certain eddy as heard by the listener 75, and the distance
X3, which represents the distance between the path of two adjacent blades measured
with respect to the fluid, nX3 thus being the distance between the 0-th and the n-th
blade paths. T, is calculated by adding a At to the time between eddie chops T; through

T, =T, + At. (2.36)

The expression for T; reads

u
T, = Tt(—t)sinacosa, (2.37)
us

where T; = 27t/ QB, while At is calculated as
| — 2B X
Ar:Xl(—“"")HQi, (2.38)

with X; = (Ty— T1), u, X2 = T ussin(y +¢), and X3 = T; u; sina. The reader is referred
to Amiet [73, 80] for the physical meaning of these parameters and the derivation of the
respective expressions, whose explanation is beyond the scope of this study.
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2.1.3. AEROACOUSTIC TRANSFER FUNCTION

The aeroacoustic transfer function £ is implemented following Christophe [49], Rozen-
berg [78] and De Santana et al. [79], where it is obtained as the sum of the two contri-
butions £ and %. The two terms are retrieved by calculating the pressure distribution
induced by the sinusoidal perturbation, whose expressions are

eiT/4 ( kic

ﬁ‘%) ei(wt—[2(%—){)/0—k1]xl—k3XS)

p1(x1,0,Xx3, 1) = PoocUsc Ut2,0

(2.39)
for the leading-edge term and

1

\/271[(%) + B2y ]

kjc 2x
X[l—(1+i)E*(2)((2—2_:1))] [(2;132M2) Zl_m/4+wt— kaxs] (2.40)

P2 (x1,0,x3, 1) = — P Uso U2,0

the trailing-edge one, with y* = p?—k3c/ (2?), and p = k1 cMoo/ (28%), whereas the func-
tion E* (z) (with z indicating a generic variable) is expressed as

z e—iz’
E* (2) = f dz' = Cy(2) —iS2 (2), (2.41)
0 V2mz 2 2

C, and S, being the two Fresnel'’s integrals:

COS

Co(2) = z (2.42)

wh

and
z sm

Sy (2) = dz'. (2.43)

Eh v

These expressions, valid in the case of supercritical gust ()(2 > 0), are then substituted
into g (x1, k1, k3), which is retrieved by rearranging Eq. 2.3 as

AP (xlr X3, t) ei(kl Uso t—k3x3)

TP oocu2 0

(2.44)

g(x1,k1,k3) =

% and %> are then obtained by substituting the resulting expressions into Eq. 2.12,
yielding

1 .

21 (x, ki, ks) = = kC—E* @2vy)e?; (2.45)

™\ (4542
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E
(B) (E)

Figure 2.3: Scheme of a bluff body immersed in a turbulent flow with the characteristic length a and the scale
of the incident turbulence L; highlighted. The different regions characterising the flow field that surround the
bluff body are indicated together with the spatial reference systems considered in the present investigation.

eiV2 : —2iv
L (%, k1, k) = i(1-e™™)
™1 271(% + ,62)()

E* (ay) - 2 21 B (2)

V3

+(1-1)

} . (2.46)

In this expression, vi = Y — X1/0 0, V2 = U (Moo — X1/000) —T/4, and v3 = ¥ + X1/ 0 o

2.2. RAPID DISTORTION THEORY

The basic assumptions and governing equations of the RDT are briefly reported to provide
the reader with the theoretical framework behind the results presented in this work. The
mathematical formulation of the theory is based on the work of Hunt [45] in the im-
plementation of Zamponi et al. [82]. In the discussion below, the reference system and
relative velocity components are consistent with those presented in Subsection 2.1.1.

2.2.1. ASSUMPTIONS OF THE THEORY
The typical problem addressed by the RDT is depicted in Fig. 2.3. The flow field interact-
ing with a bluff body is divided into different sub-regions: an outer region (E) where the
normal and shear stresses are negligible with respect to the inertial forces, a thin region
(B) coincident with the boundary layer on the surface S, and a region of flow separation
(W) in the wake of the body characterised by large velocity fluctuations.

The following assumptions are at the base of the theory:

* the intensity of the incoming turbulence is weak

!

u
=2 «1; (2.47)
U,

oo
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¢ the Reynolds number calculated with respect to the intensity and the integral length
scale L; of the upstream turbulence is large

pul, L
U
with p being the dynamic viscosity of the fluid;

> 1, (2.48)

e the time taken by the flow to be distorted is much smaller than the time scale of
turbulence, expressed by Hunt [45] as

u' L
e Rl (2.49)
Us a

In this scenario, the flow in the region (E) is not significantly affected by the velocity
fluctuations in regions (B) and (W) and can be modelled by the solution of a well-posed
boundary value problem determining the changes in a given fluctuating-velocity field
[45].

2.2.2. GOVERNING EQUATIONS AND FOURIER ANALYSIS
In the assumption of incompressible flow, the governing equations are

1

ou ou;  ou; 10p

U Rt 2.50
ar 0x; U 0x; 0 0x; (250
— =0 d —=0, 2.51
ax,- an 6xl- ( )

with p being the pressure and v the kinematic viscosity. The dependence on the pressure
can be removed by taking the curl of the linearised momentum equation 2.50, leading to

the following dimensionless linearised vorticity equation
ow; | .0wi ,00] 3U;  ou} 252
+ . + U = . + i y .
ot* J ax;f J ax}’f J 6x;f J ax;‘

where U* =u/Uy, u'”* = u'/u,, and the non-dimensional coordinates obtained as
(%1, x5, x5, %) = (x1, X2, X3, tUso) / a. (2.53)

The corresponding vorticity terms 2* and w* are expressed as 2* = Vx U* and w* =
Vxu'™,

In the case of bluff-body flows, such as that around a circular cylinder, the most rel-
evant effect on turbulence is due to the irrotational component of U*, meaning that it is
possible to assume that

0 =0 (2.54)

in Eq. (2.52), as demonstrated by Hunt [45] in his original work through an order-of-
magnitude analysis. Consequently, the mean-velocity field can be obtained as the solu-
tion to a potential flow problem satisfying appropriate boundary conditions. Consider-
ing that the upstream velocity Uy, is set, only one condition needs to be imposed. Taking
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into account that the normal component of the incident velocity must be zero at the wall
in the case of a solid body, it is possible to write

W n=0 on S, (2.55)
where n is the outward-pointing normal to the body surface S.
At this point, Cauchy’s equation allows w* to be expressed as a function of its up-
stream value w}, [47] and the vorticity distortion tensor y, hence obtaining

*

Wi (x5, x5,x5,t%) =yij (2], %) w2, ; (x5, x5 —Ag, x5, 1" = Ar). (2.56)

A; expresses the deviation of a fluid particle in the x; -direction as it is convected around
the body. It is defined as A, = x; + ¥, with ¥ being the streamfunction of the irrotational
mean flow. A is instead the drift function [83], whose expression is

b 1

xl 1 */ */ */ * *
Ar = — —1|dx where Y(x;,x, )=%Y(x;,x%,). (2.57)
T j: (Ul*(x*’,x;’) ) 1 1742 102

In this case, y can be expressed as a function of U* and the derivatives of A7 along x;
and x; [45],1i.e.
Uy —0Ar/ox; 0
Yij = Uz* 1+6AT/6.XIik of. (2.58)
0 0 1

The knowledge of U* and w* allows u’* to be calculated as its deviation from the up-
stream value, as a function of a scalar velocity potential ¢p and a vortical streamfunction
vy, characterised by the gauge condition V- = 0 [84]. The following expression is thus
obtained:

Au* =u" —ul =-Vp+Vxy. (2.59)

This can be, in turn, substituted into the continuity equation and the vorticity one Eq. (2.52)
to retrieve a new set of governing equations:

V=0 (2.60)
V2 = —Aw* = —(0* —ok). (2.61)
As regards to the boundary conditions, Eq. (2.55) implies for Eq. (2.60) that

V¢-n=ul-n on S, (2.62)

whereas the imposition of the upstream velocity results in
Vol =0 as x*+x3%—oo. (2.63)

For Eq. (2.61), the same conditions lead to

(Vxy)-n=0 on § (2.64)

and
IVxw|—0 as x}2+x;°— o0, (2.65)
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respectively. Moreover, in order to satisfy the gauge condition at every point of the flow
field, it is necessary to impose an additional boundary condition on :

V-g=0 on S and as x;°+x;°—oo. (2.66)

The new set of governing equations, i.e. the Laplace equation for ¢ in Eq. (2.60) and
the three Poisson equations for ¥ in Eq. (2.61), entails four partial differential equations,
which must be solved simultaneously. It should be noted that Goldstein [71] formulated
an alternative and less cumbersome approach to solving the RDT equations compared
with the method presented in this section.

Hunt’s formulation proceeds by assuming the upstream turbulence to be homogen-
eous and stationary in time. Under these conditions, it is possible to describe the velocity
field by means of spatial Fourier analysis in terms of the velocity distortion tensor M:

(o0]
" = f M (e, X355 t, (1) dica, (2.67)
—00

with x being the non-dimensional wavenumber calculated as

K1 k1
K= K2 =a kz
K3 k3

ﬁg;; is the spatial Fourier transform of the upstream velocity obtained from

uc,;,i Kk ko ky *° iK1 X} +K2X5 +K3 X5 +0t'™)
* (X1,%5,%3,87) = e
w* . _

oQ,1 o0

|

where o = —k; for Taylor’s hypothesis. As turbulent structures approach the body, the
flow becomes inhomogeneous in the x; and x; directions, while remaining homogen-
eous along x;, as the mean velocity does not vary in that direction. Consequently, the
Fourier analysis of ¢ and v leads to

*

0,d ) (x) dx1 dxo dxs, (2.68)

S» <y

00,1

© : * * 5
( (l). )(xf,x;,xg‘,t*):ff SR ip (X7, x3;%1,k3) dk1 dKs, (2.69)
1//1 —00 Wi

obtained using the decomposition of the velocity field in Eq. (2.59). Equation (2.60) can
hence be rewritten as
P e =0 (2.70)
—_— K = y .
dxik2 dx;2 3

while Eq. (2.61)) becomes

52 0?2 R R . * ) A
R %:‘[‘?’f‘f e M) iy | @.71)
1 2 —
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It must be noted that d/dx; = ix3 due to the homogeneity in the x; direction. From
Eq. (2.56), it follows that

. * &8}
OF =yij(x], x5) €1 AT f e/2a 8 Gy dixcy. 2.72)
—00

The governing equations can be simplified by introducing the following two variables

A o0

P(x], x55%1,K3) = f B (xy, x35%) il (1) dica; 2.73)
—00

2 * 2

WXy, x5;K1,K3) =f a;j(x1,x2;K) g, ; (k) dKs. (2.79)
—00

a is a tensor and represents the turbulent streamfunction, while g is a vector and indic-
ates the turbulent-velocity potential. The substitution of Eq. (2.73) into Eq. (2.70) leads

to
02 0°
=0, 2.75

dxik2 dx*2 K3 hi ( )

while substituting Eq. (2.74) and Eq. (2.72) into Eq. (2.71) retrieves

2 2
{ d(jcfz * %2*2 K3 } @ij = _‘Q;j with 'Q;(j - [Yij eftadrreds) Oij el TRz,
(2.76)
with & indicating the Kronecker delta. The function 2* is known. It tends to zero as x; —
—o00 or X, — oo as a consequence of Ay,A» — 0 and y — é. The boundary conditions
must then be expressed in terms of @ and f to pose the problem in a formal manner.
Using Eq. (2.73) and Eq. (2.74), and keeping into account that

I N

A =-Vo+Vxf+h,

it is possible to write

A :f‘”{(M(s) M(°°)) i a0, }dKz 2.77)
1 oo 1 l] ’ )
with 6,6 Oﬁ
i~ ox’ ox; Y 2.78)
dazj . Oazj Odazj Oaij
ij:(—*—”(gazj,”(galj_ Pay) * *)
0x; ox;  ox;  0x;

Keeping into account that, from the definition of vorticity,
b2, = ik (002 10x; ) = eujicixj 82, )
with &; ;. being the Levi-Civita symbol, it is possible to write

ME'(ID =iajjekjiKk, (2.79)
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Figure 2.4: Conceptual sketch of the RDT framework. Velocity spectra and variances are expressed as a function
of the velocity tensor M (x1, x2, ), related to the alteration of the flow field caused by the presence of the bluff
body, and the upstream values. This holds both in the distorted and the upstream regions of the flow field,
where the velocity field is not altered and the velocity tensor thus tends to the identity matrix.

finally leading to an expression for the velocity tensor M in Eq. (2.67) as the sum of three
different terms

M=M® + MD + MO, (2.80)

These terms account for the various contributions to the distortion of the turbulent
structures. M® is related to the distortion caused by the blockage due to the presence
of the body;, M@ describes the distortion induced by the distortion of the vorticity field,
and M®© represents the alteration undergone by turbulence because of the upstream
conditions.

2.2.3. SPECTRA AND VARIANCES UNDER ASYMPTOTIC ANALYSES

The RDT calculates the alteration of the velocity cross-spectra, auto-spectra, and co-
herence from the upstream undistorted flow conditions using the velocity tensor M to
model the distortion of the flow field. A conceptual sketch is reported in Fig. 2.4. In
the case of the distorted one-dimensional spectra of the velocity components u; and u;
@;.*j, dis’ generically calculated between the non-dimensional positions [x;‘ , x;) =(x1,x2)/a
and (x}*,x}*) = (x},x,) / a separated by a lateral distance r; = r3/a, the following expres-
sion can be obtained as a function of the three-dimensional spectrum @y, of the up-
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stream turbulence:
07 (x1, 635 X1, x5 1551 ) =
ff Mir (x7, x5,%) M (7, 257, %) @7, (1) ™35 dkodis,  (2.81)

—00

with the superscript ' indicating the complex conjugate. The non-dimensional spec-
trum O; ; (x;) is related to the dimensional one through

L, 6 (k;)
0. (k)= — > . (2.82)
1 a u?L,

The upstream undistorted turbulence spectrum @}, can be modelled using the von
Karman turbulence spectrum [47]

P} oo (K) =

gi(alLy) [ . i ]]' (2.83)

367 (g2 (alL1)? + k2] K
where k% = k2 +x3+x3 = |x|?, g2 =% (5/6) /% (1/3) = 0.5578, and g1 = g5'%/m = 0.1957,
with I' (-) being the Gamma function.

The alteration of the velocity field can then be estimated using the canonical turbu-
lence spectrum modelling undistorted turbulence conditions once the velocity tensor
has been calculated in the vicinity of the body for each wavenumber component solving
four partial differential equations (see Hunt [45] and Zamponi et al. [82]). However, in
the asymptotic cases of very large-scale and small-scale turbulence structures interact-
ing with the body, Hunt [45] showed that Eq. (2.81) can be simplified into closed-form
expressions. A summarised version of the discussion carried out for these limit scen-
arios is reported hereafter, as these form the foundation of the methodology developed
in Chapter 5. The reader may refer to Sections 5 and 6 in Hunt [45] for the complete
analytical formulation.

LARGE-SCALE TURBULENCE
One-dimensional spectra Forlarge-scale turbulence (L;/a > 1), Hunt [45] proved that
the spectra can be calculated using the asymptotic expansion of M;; valid for k — 0:

_n© 6] (L) %))
Mil_M” +Ml.l +Ml.l +Ml.l +..., (2.84)

with the different terms being of the order @ (1), @ (k), @ (k?In|x3]), and € (k?), respect-
ively. This simplification of the velocity tensor indicates that, in the case of a large in-
tegral length scale, only the distortion of large turbulent structures can be taken into
account to model the alteration of the velocity spectra.

It must be noted that the expansion of M;; for k — 0 is valid to @ (k*Ink), meaning
that M‘;ll\/l jm in Eq. (2.81) can be calculated up to this order and that the integral con-
verges only for r3 # 0. However, Hunt [45] showed that by introducing the normalised
one-dimensional spectrum

0ij (®1) = (a/L) 6] (x1), (2.85)
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with & = (a/L;)x, it is possible to express the distorted spectrum using the following
expansion as a series in terms of a/L;:

Oij (%7, %3, 5", x5, 13, 1) = OF) (k1) + (@l L) O} (k1) +

+(alL)?In(@/ L6 &) +....  (2.86)

In this way, the first term of the expansion O® can be calculated using M 5.(1)), the second

term @W using ME.?) and ME.}), and the third term with Mg.(;) and M%). These terms can be
expressed through explicit analytical relations, but a closed-form solution can be identi-
fied only for @E.(;.) (®1) and @E.;) (®1).

In the case of the auto spectrum, for which x* = x"*, i = j, and r; =0, a further
simplification can be applied: @Ag.) can be proven indeed to be equal to zero, leading
to the following expression for @; j as a function of the upstream undistorted spectrum
@kl,oo:

9ij (K1)—Fl]k,5kl@kloo(1<1)+@(l), (2.87)

with 8y being the Kronecker delta and

F =M ()M (), (2.88a)
Fi), =My ()M (x™), (2.88b)
Fil = Mg ()M (x). (2.88¢)

The important result is that the PSD of the one-dimensional spectra can be calcu-
lated to @ (1), implying that the variation with a/L; can not be obtained [45].
In the case of a circular cylinder, ME.(;) can be expressed by

(-7 (%) 20-4)%
1 — a a a a 0
32727 o)
0 _ EIRE>) _X2_(x22
Mil - _ le 2a )Xa . 1+ ( xa)z (xa)z . 0 y (289)
[(1-22)%+(22)?] [1-2)°+(%2)
0 0 1
which, substituted in Eq. (2.87) through Eq. (2.88), finally leads to
2
03, (K1) = m] 035 (K1), (2.90)
a

which is valid on the stagnation streamline (x»/a = 0).

Variance The cross-variance of the velocity components for lateral separation r; = 0
can be calculated to zero order in the asymptotic case L;/a > 1 through

up (x7)u (x7) = B (67, ™) Sraufl u - 2.91)
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This leads to the following expression for the variances:

u? (x%) = (MG) w2+ (M9) w2, (2.92)
[ — [ P — [ J—

uy? (x%) = (M) w2 + (M) w2, (2.93)
uy? (x7) = ug2. (2.94)

SMALL-SCALE TURBULENCE

One-dimensional spectra In the high-wavenumber range, Hunt [45] showed that the
spectrum of the upwash velocity component in the immediate vicinity of the stagnation
point decays with an exponential slope according to

_7
O35 dis K1) = G1 (alLy) 3 K, Semam, (2.95)

where )
55x0.1955 x w2 " () (2
Gy = 5(3) G) =0.0566.
36mxamx (3)3 ()

Variance The calculation of the variance in the case of small-scale turbulence con-
ducted by Hunt [45] is quite complex and not directly necessary for supporting the res-
ults presented in this dissertation. However, for completeness, it is useful to report the
asymptotic results obtained for a single point along the stagnation streamline at small
distances from the stagnation point. These results have also been employed in the lit-
erature for direct comparison with experimental measurements [85]. Under these as-
sumptions, the following expressions are found by Hunt [45]:

31 1 4 —

W? (x)==|—=+=-UIn|—|+...| u?_, 2.96

1( ) 1|ur T2 1 (Ul* Loo (2.96)
3 4

2 (%) ~ * 2

up (x*) = ng [ln(Ul*)—l U o (2.97)
31 1 4 —

2 . 2

The reader may refer to Section 6 of Hunt [45] for the complete analytical calculation.



METHODOLOGY

This chapter presents the numerical and experimental set-ups employed to investigate
turbulence-interaction noise under both rectilinear and rotational motion.

Lattice-Boltzmann Method (LBM) simulations have been conducted to assess the
interaction of grid-generated turbulence with an aerofoil. The numerical set-up replic-
ates the experimental one at the Institute of Sound and Vibration Research (ISVR) at the
University of Southampton and was used by Chaitanya et al. [34] for a comprehensive
study of turbulence-interaction noise.

The first part of the investigation on turbulence distortion and leading-edge noise
generation has been carried out for a NACA 0012 and the NACA 0012-103, which share
the same thickness distribution but differ in leading-edge radius. The analysis has then
been extended in a second part to the cambered NACA 4412 at two angles of attack,
a=ay, and a =1°.

Although NACA 0012 and NACA 0012-103 were included in the ISVR experimental
database used by Chaitanya et al. [34], the NACA 4412 does not feature among the in-
vestigated aerofoils. It was introduced in this study to establish continuity between the
rectilinear and rotational motion analyses, as it represents the blade section of the pro-
peller investigated in the latter. This analysis, carried out experimentally in the open-jet
anechoic wind tunnel of TU Delft (A-Tunnel), reproduces the one carried out by Grande
et al. [86]. The description of the experimental set-up includes details of the aerody-
namic and acoustic measurements conducted in the campaign.

A description of the commercial LBM solver PowerFLOW, employed for the simula-
tions, is provided at the beginning of the chapter.

3.1. FLOW SOLVER

The commercial software Simulia PowerFLOW 6-2021 is used to compute the flow field.
The software is based on the LBM, which models the motion and the collisions of fluid
particles at mesoscopic scales through particle-distribution functions. Local integra-
tion of these functions, aligned with a finite number of predefined directions, allows the

33



34 3. METHODOLOGY

calculation of flow density, momentum, and internal energy [87]. The Boltzmann equa-
tion is solved on a Cartesian mesh (lattice), with the discretisation performed through
19 discrete velocity vectors in three dimensions, i.e. D3Q19, using a third-order trunca-
tion of the Chapman-Enskog expansion. This scheme has been shown to be accurate
for approximating the Navier-Stokes equation in the case of a perfect gas at low Mach
numbers and isothermal conditions [88]. The discretised form of the equation reads

Fi(x+ VAt t+A) - F; (x, 1) =C; (x, 1), (3.1)

where F; and V; are the particle distribution function and the discrete particle velocity
along the ith lattice direction at position x and time instant ¢, respectively.

The collision term C; is based on the Bhatnagar-Gross-Krook (BGK) model [89]. Des-
pite its limitations [90, 91] and the development of various improvements[92, 93], this
model remains widely used for its simplicity and computational efficiency [94, 95]. The
BGK model indeed simplifies the discrete LB equation by replacing the collision oper-
ator with a single relaxation time 7. The model considers that, within this time scale, the
local distribution function approaches the equilibrium one Fieq, which is approximated
with a second-order expansion [88]. This means that the same rate is assumed for all the
scales of the relaxation processes, rather than being a function of F;.

The numerical solver uses a very-large-eddy simulation (VLES) model to account for
unresolved scales of turbulence. A modified two-equation k — ¢ renormalisation group
(RNG) turbulence model is used to calculate the turbulent relaxation time, which is ad-
ded to the viscous relaxation time [96]

B k*/e
Teff =T+ Cﬂm, 3.2)

where C;, = 0.09, and n combines local strain, vorticity, and helicity parameters [97].
This mitigates subgrid-scale viscosity so that the resolved large-scale structures are not
numerically damped. This relaxation time then calibrates the Boltzmann model to the
characteristic time scales of a turbulent flow motion. Reynolds stresses are, hence, an
inherent consequence of the chaotic exchange of momentum driven by the turbulent
flow. The non-linearity of the stresses is correctly captured by the Chapman-Enskog ex-
pansion, making the model suited to represent turbulence in a state far from equilibrium
[98].

The LB scheme is solved on a three-dimensional lattice whose basic element is the
voxel, i.e. volumetric pixel, whose size varies by a factor 2 in adjacent resolution regions.
Surface elements discretise solid surfaces where they intersect voxels. Fluid-particle
interaction with the solid surface is governed by wall-boundary conditions, such as a
particle bounce-back process for no-slip walls and a specular reflection for slip walls
[99]. The wall-shear stress is approximated by means of a wall function applied on the
first wall-adjacent voxel. This function is based on the generalised law-of-the-wall model
[100], extended to consider the effects of pressure gradient and surface roughness.

The FWH analogy, in formulation 1A of Farassat and Succi [101] extended to a con-
vective wave equation [102], is used in the present work to calculate far-field noise. The
formulation is implemented in the time domain using a source-time-dominant algorithm
[103]. The analogy has been applied by sampling pressure fluctuations on the aerofoil
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surface, making it possible to consider a distribution of acoustic dipoles and mono-
poles on the surface [77] and to neglect other non-linear contributions, i.e. quadrupole
sources.

3.2. LBM SIMULATION SET-UP FOR GRID-AEROFOIL CONFIG-
URATION

The numerical set-up, shown in Fig. 3.1, reproduces the open-jet wind-tunnel facility
at the Institute of Sound and Vibration Research (ISVR) at the University of Southamp-
ton, where the experimental campaign of Chaitanya et al. [34] has been carried out. The
simulation domain, whose size does not correspond to the actual dimensions of the an-
echoic chamber for computational requirements, consists of a cube of 5m side centred
at the aerofoil leading edge (in the cases where the angle of attack is equal to zero). This
coincides with the origin of the reference frame, whose axes are denoted as x;, x», and
X3, representing the streamwise, upwash, and spanwise directions, respectively. The cor-
responding velocity components are u;, uy, and ug, while the spatial wavenumbers are
indicated with k;, k2, and k3. The chord of the aerofoil is ¢ = 0.15m, while its span is
L =0.45m. Itis placed 1 chord downstream of a convergent nozzle having a rectangular
exit section 0.45 m wide and 0.15m high and a square inlet section of side 1.3 m. The con-
verging part of the ISVR nozzle is 1.35m long, but in the numerical set-up the tunnel has
been extended upstream with a constant square-section duct to allow the inlet boundary
conditions to be applied directly at the boundary of the simulation domain. At the exit
section of the nozzle, on the sides of the aerofoil, two rectangular plates 0.225m high and
0.375m long have been placed to eliminate tip effects. In both the experimental and nu-
merical set-ups, turbulence is generated by a rectangular grid measuring 0.46 m x 0.61 m
and positioned 0.63 m upstream of the nozzle exit. The square rods of the turbulence-
generating grid, separated by a distance equal to 0.034m, have a thickness of 0.012m,
resulting in a solidity of 55 %.

The total pressure at the nozzle inlet has been imposed to achieve a free-stream ve-
locity of Uy, = 60ms™! at x1/c = —0.033 without the aerofoil in the open jet. This free-
stream velocity corresponds to a Reynolds number, with respect to the aerofoil chord, of
Re=6.2 x 10°. The head loss caused by the presence of the turbulence-generating grid
has been taken into account using the empirical results of Roach [104], while the friction
loss along the nozzle walls has been neglected in the numerical simulation. On all the
other boundaries of the cubic domain, a static pressure of 101 325Pa has been imposed.

10 voxel-refinement regions have been used to discretise the numerical domain at
the finest grid resolution. The turbulence-generating grid and the aerofoil are placed
into the same refinement region to avoid any variation of the voxel size, which here is
7.19 x 10~*m, and affect turbulence convection. The voxel size is further reduced along
the aerofoil surface by means of two refinement regions obtained as offsets of the aero-
foil geometry, reaching a value of 1.79 x 10~* m along the aerofoil surface. This leads to
an average value of y* along the surface of the body of 19. The finest resolution config-
uration hence requires a discretisation of the numerical domain into a total of 660 x 10°
voxels.

The simulation time is 0.2295s, corresponding to 92 flow-through times. After a tran-
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Figure 3.1: Sketch of the simulation domain. The size of the volume is not drawn to scale. The resolution
regions are qualitatively represented using dotted lines. The detail in the bottom right corner depicts a sketch
of the turbulence-generating grid placed inside the nozzle. The thickness of the square bars d is equal to
0.012m and the width W of the gap is 0.034m
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Table 3.1: Geometrical information about the rectangular grid.

Width Height Gap, W Rod thickness,d Pattern period, W+d Solidity, 0grid

(m] (m] (m] [m] [m] [%]

0.46 0.61 0.034 0.012 0.046 55
camber baseline LE radius

& NACA 4412-63 NACA 0012-63 NACA 0012-103

:§ 0= Oypg ji= -3.89° a=0° a=0°

= e

g VA

NACA 4412-63
a=1°

lifting conditions

Figure 3.2: Aerofoil configurations analysed in the numerical simulations. The baseline NACA 0012 has been
compared to a NACA 0012-103, which is part of the modified 4-digit series and differs only for the radius of the
leading edge, and the cambered NACA 4412 investigated at two different loading conditions.

sient of 25 flow-through times, i.e. 0.0625s, flow quantities have been saved for 0.1670s,
equivalent to 10 repetitions of the cycle at the lowest frequency of interest (60 Hz) and to
67 flow-through times. The physical time step, depending on the grid resolution, is equal
t0 3.046 x 10~ s for the finest configuration. The grid-independence study is reported in
Subsection 3.2.1, while the aerodynamic and acoustic validations of the numerical sim-
ulations are presented in Subsection 3.2.2.

The solid formulation of the FWH analogy, using the pressure sampled on the aero-
foil surface, was used to calculate the far-field acoustic radiation. A 30kHz acquisition
frequency has been imposed to obtain flow quantities on the aerofoil surface and in
the flow field. The power spectral densities have been computed by means of Welch’s
method, using a Hanning window with 50 % overlap resulting in a frequency resolution
of 100Hz. The direct far-field noise has also been computed using probes placed along
a circle arc in the midspan plane of the aerofoil (Fig. 3.1). This arc, centred at the ori-
gin of the numerical domain, features a radius R = 1.2m and ranges from 8 = 27t/9 and
0 = 77t/9, with the angle measured with respect to the downstream direction. The angu-
lar separation between the 11 probes is A9 = 7t/18.

The physical analysis presented in Chapter 4 is carried out on two symmetrical aero-
foil geometries. The first is the standard NACA 0012, used as baseline case, while the
second is the NACA 0012-103, which belongs to the NACA-modified four-digit series [34,
36, 105]. Following the notation used for this series, a standard NACA 0012 would be in-
dicated as NACA 0012-63, where 6 is the value of a parameter ry4y related to the length of
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the leading-edge radius through the relation
trigx |2
I = 1.1019(%) c,

with ¢ being the thickness of the aerofoil. The second digit of the numerical appendix
indicates the position of maximum thickness. As a consequence, the NACA 0012-103
will have an increased radius of the leading edge, being rigx = 10, but the same thick-
ness and same position of maximum thickness of the other aerofoil investigated. The
radius of the leading edge for the standard NACA 0012 is 11g, go12 = 2.4 x 103 m, while
for the NACA 0012-103 is 11E, 0012-103 = 6.6 % 10~3m. The geometrical data are repor-
ted in Table 3.2. These two aerofoils have been selected to analyse the contribution of
a different curvature distribution on the leading-edge noise generation and turbulence
distortion, keeping the same aerofoil thickness.

To develop the analytical methodology presented in Chapter 5, the investigation was
extended to additional configurations. A NACA 4412 has been added to the NACA 0012
and NACA 0012-103 previously analysed to evaluate the impact of aerofoil camber (the
NACA 4412 features indeed the same leading-edge radius as the NACA 0012). All three
aerofoils share the same thickness distribution. While the NACA 0012 and NACA 0012-
103 are included in the experimental study by Chaitanya et al. [34], the NACA 4412 is
not. All the aerofoils have been tested at zero loading conditions, which correspond to
an angle of attack of @ = 0° for the symmetric NACA 0012 and NACA 0012-103 and an
angle of attack of a = —3.89° for the cambered NACA 4412. The latter has also been
analysed at lifting conditions, selecting an angle of attack « equal to 1°. In the cases of
the cambered aerofoil, positioned at incidence different from zero, the angle of attack
has been obtained by rotating the aerofoil around the position at i of the chord. All the
information regarding the geometry of the aerofoils is reported in Table 3.2, while the
investigated configurations are illustrated in Fig. 3.2.

The curvature of the aerofoil is derived analytically from the formulation of NACA
aerofoils and is expressed as

X2 NACA
s=NE——— 3/’
.2
1+ xZ,NACA)

where x2 naca denotes the ordinate of the NACA aerofoil profile, and derivatives (indic-
ated by dots) are taken with respect to the abscissa x; naca. Since the curvature is defined
as the inverse of the radius of curvature, the non-dimensional curvature C; is obtained
by scaling the expression with the leading-edge radius rig.

3.2.1. GRID-INDEPENDENCE STUDY

The grid-independence study was performed for the NACA-0012 baseline case. For this
configuration, five simulations with different resolutions have been carried out. With
respect to the coarsest simulation, identified as “resolution level 1", the following one,
i.e. “resolution level 2", is obtained using a refinement factor of 2. The third and the
fourth levels of refinement have been achieved by refining the second resolution level
with factors of 1.5 and 2, respectively. The fifth and finest resolution level is obtained



3.2. LBM SIMULATION SET-UP FOR GRID-AEROFOIL CONFIGURATION 39

chord, ¢ span, L LEradius, rig angle of attack, a

NACA

(m) (m) (m) (deg)
0012 0.15 0.45 2.4%x1073 0
0012-103  0.15 0.45 6.6 x 1073 0
4412 0.15 0.45 24x1073 _31'89

Table 3.2: Investigated configurations and geometrical information of the four analysed aerofoils.

Table 3.3: Comparison of the simulation characteristics for the NACA-0012 configuration.

Resolution level Resolution Total amount of voxel CPU time
[r g /finest voxel] (-] [hours]
1 3.31 14 x 108 0.80 x 10°
2 6.62 91 x 108 7.48 x 10°
3 9.93 287 x 10° 24.99 x 103
4 13.25 660 x 10° 44.75 x 103
5 26.50 900 x 108 96.58 x 103

by adding a further refinement region on the aerofoil surface. Convergence is assessed
in terms of sound power level (PWL) and time-averaged lift and drag coefficients of the
aerofoil, i.e. C; and Cp, respectively. Table 3.3 reports additional information about the
different resolution levels.

The solid formulation of the FWH analogy is employed to calculate the far-field noise
at the virtual microphones described in Sec. 3.2. The PWL is computed with the expres-
sion used in the reference experimental campaign:

Nil Spp (£,0i) + Spp (f,0i+1)

A6, (3.3)
i=1 2

(2

PooCoo

with L being the span of the aerofoil, R the radius of the microphone array, c., the speed
of sound, and p, the density of air. S, (f,0;) is the power spectral density of the far-
field acoustic pressure at position 8;, while A6 is the angular separation between two
adjacent microphones. The procedure is explained in further detail by Narayanan et al.
[106].

The comparison of the PWLs for the different resolution levels is illustrated in Fig. 3.3
as a function of St;, computed with respect to the aerofoil thickness. The Strouhal range
from St; = 0.15 to St; = 1.5 is highlighted since leading-edge noise dominates in this
range [34]. The transparent grey patches in the plots cover the frequency ranges where
background noise (St; < 0.15) and self-noise (St; > 1.5) prevail in the experimental cam-
paign. The trends obtained for the different grid resolutions almost overlap up to St; =
2.5, demonstrating that the results are grid independent in the range of interest from
resolution level 3. For St; > 2.5, the effects related to the different resolutions are more
evident, particularly for resolution levels 1 and 2. This is due to the coarser refinement
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Figure 3.3: Grid-independence study in terms of PWL for the different grid resolutions for the NACA-0012 case.

around the aerofoil surface, where the unsteady pressure used to apply the FWH analogy
is sampled.

The convergence trends of C; and Cp are shown in Fig. 3.4 with respect to the total
amount of voxels expressed in logarithmic scale. The trend of the drag coefficient indic-
ates that convergence has also been reached in terms of aerodynamic forces at resolu-
tion level 4. Conversely, the lift coefficient tends to a constant value as the resolution
increases but does not converge to zero, as it would be expected for a symmetric aero-
foil placed at a 0° angle of attack. A small incidence is likely due to the highly turbulent
flow in which the aerofoil is immersed and to the slight upward deflection of the flow
at the exit of the open-jet wind tunnel. This hypothesis is corroborated by the results of
the turbulence characterisation in Subsection 3.2.3, which shows that the time-averaged
upwash velocity component is non-zero at the aerofoil position. However, this effect is
deemed negligible, as it corresponds to a variation of the angle of attack estimated from
the lift curve of a NACA 0012 aerofoil at the current Reynolds number of approximately
0.25° and does not affect the analysis presented herein.

In view of the above, it can be concluded that convergence has already been achieved
atresolution level 4. Consequently, this resolution level has been selected to carry out the
investigation for the NACA 0012 and for the simulation of the NACA 0012-103, consid-
ering the excessively high computational cost required to run a simulation at resolution
level 5.

3.2.2. VALIDATION

The validation study is performed by comparing the aerodynamic and acoustic results
obtained in the configurations at resolution level 4 of the two aerofoils with the data
from the reference experimental campaign of Chaitanya et al. [34]. For the aerodynamic
validation, the flow at the nozzle exit has been assessed in terms of streamwise integral
length scale, turbulence intensity, and turbulence frequency spectrum of the streamwise
velocity component at x;/c = —0.033 upstream of the position of the leading edge. The
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Figure 3.4: Grid-independence study in terms of time-averaged (a) lift coefficient Cr and (b) drag coefficient
Cp for the different grid resolutions for the NACA-0012 case.

flow characterisation has been carried out by running a simulation in which the aero-
foil is removed while keeping the resolution and the refinement regions unaltered. By
sampling the velocity components at this position, a time-averaged free-stream velocity

of Uy, =59.5ms~! and a turbulence intensity Tu; = u_izl Uy 0f 2.2% are obtained. The
streamwise integral length scale is equal to L; = 6.0 x 1073 m, and it has been estimated
using the expression [107]

© u; (x+lem) uj (x)

L;’; (x,1) =/0 Ri’? (m)dl =/0 (3.4)

u;i (x) uj(x)

It must be noted that, when i = j = m, the notation L;’]’. will be simplified into L;. R;’; (%)
is the correlation coefficient calculated considering a reference location x, u; and u; are
the turbulent velocity fluctuations components in the ith and jth directions, respect-
ively, e, is the unitary vector in the mth direction, and [ = I - e, is the separation length
from the reference location. - is the temporal-averaging operator with the assumption
that the turbulent fluctuations in the open jet are ergodic. The expression has been
applied using a discrete integration with respect to the streamwise velocity compon-
ent, and the calculation is independent of the spatial separation between the sampling
points. The values calculated for these quantities are compared with the results obtained
in the reference experimental work of Chaitanya et al. [34]. The comparison is reported
in Table 3.4, where a good agreement is shown between the turbulence characteristics
of the reference experimental campaign and those obtained in the present numerical
simulation.

The same values are subsequently used to scale the von Kdrmén wavenumber spec-
tra for the streamwise and upwash velocity components, using the expressions

o k= L I5/6) 12 1 ‘
T VRT3 ke (14 (ky k02

(3.5)
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Table 3.4: Nozzle open-jet flow characterization. Data are sampled at x/c = —0.033 with respect to the origin of
the reference system (coincident with the leading edge of the aerofoil) and compared with the measurements
of the reference experimental campaign by Chaitanya et al. [34].

Uo Tuy L.

[ms™'] (%] [m]
Present (LBM-VLES) 59.5 22 6.0x1073
Chaitanya et al. [34] (Exp.) 60 25 7.5%x1073

2 r(5/6)u_§ 3+8(k1/ke)?
O (k1) = < , 3.6
2O R Ke (1 17 B oo

where I’ (-) is the Gamma function, k; is the wavenumber in the streamwise direction,
and k, is defined as the wavenumber scale of the largest eddies according to the expres-
sion [108]

_ VI (5/6)
Ly I(1/3)

The comparison of the von Kdrmén spectrum scaled with the quantities sampled
at x;/c = —0.033 and the turbulence frequency spectrum acquired at the same position
is reported in Fig. 3.5. The turbulence spectra of the streamwise velocity component
have also been compared with the results provided in the reference experimental work
(Fig. 3.5a). The sampled spectrum and the analytical computation are indeed very sim-
ilar, while the difference with the von Kdrman spectrum obtained in the experimental
campaign is most likely due to the slight discrepancy in the integral length scale and
turbulence intensity.

The analysis of the upwash velocity component spectrum, reported in Fig. 3.5b, has
been carried out considering just the turbulence frequency spectrum sampled at x;/c =
—0.033 and the von Karméan spectrum scaled with the quantities sampled at this loca-
tion. This has been scaled using a value for the turbulence intensity of the upwash ve-

(3.7)

(<]

locity component Tup = u’22 /U equal to 2.8%. No information regarding the upwash
velocity component, either in terms of the frequency spectrum and turbulence intensity,
isreported in the reference experimental work of Chaitanya et al. [34]. A good agreement
is observed between the numerical turbulence spectrum and the analytical one, in par-
ticular for frequencies above 1kHz. In the low-frequency range, the von Kdrman spec-
trum clearly underestimates the trend of the numerical spectrum. This suggests that the
turbulent flow features a slight anisotropy, which is most likely due to the strong section
contraction in the final part of the nozzle and to the fluctuations induced in the flow by
the two shear layers developing on the upper and lower sides of the exit section. As the
homogeneity and the isotropy of the incoming turbulence are not necessary conditions
for the present investigation, turbulence characteristics will be further detailed for the
sake of completeness in Subsection 3.2.3.

The acoustic validation is performed in terms of PWL and overall sound pressure
level (OASPL) directivity patterns. The noise prediction obtained using the FWH ana-
logy along the arc where the direct microphones are placed has been compared with the
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Figure 3.5: Power spectral density of the streamwise velocity component acquired at x1 /¢ = —0.033 with respect
to the position of the leading-edge. The spectrum is compared with the von Karman (vK) spectrum scaled
using the integral length scale L; = 6.0 x 1073 m and the turbulence intensity Tu; = 2.2% calculated at the
same position. The streamwise component spectra are also compared with the von Kdrman spectrum scaled
with the results of the reference experimental campaign of Chaitanya et al. [34] (L] = 7.5x 1073 m; Tu; = 2.5%).

experimental data, which deployed 18 microphones on an arc spanning from 8 = 7t/4
to 0 = 37t/4 with a radius R = 1.2m. The comparison of the PWL is shown in Fig. 3.6
as a function of the Strouhal number calculated with respect to the aerofoil thickness
St;. Additionally, the computational aeroacoustics (CAA) results obtained in the work of
Chaitanya et al. [34] are shown for the sake of completeness. For both aerofoils, a 3dB
underprediction is achieved in the frequency range going from St; = 0.15 to St; = 1.5,
where leading-edge noise dominates. An error margin of +2dB has been considered for
the measurements, as indicated by the authors of the experimental campaign. The dif-
ference between the numerical and the experimental acoustic data can be traced back
to the discrepancy between the turbulence characteristics obtained in the simulation
and those measured experimentally. This also concerns the blockage effects in the wind
tunnel caused by the aerofoil, which may differ slightly between the simulation and
the experiment. A similar satisfactory agreement between the numerical simulations
and the measurements is observed in Fig. 3.7, where the OASPL directivity patterns are
shown. The OASPL has been determined by integrating the frequency range going from
Stt =0.15to Stt =1.5.

3.2.3. TURBULENCE CHARACTERISATION

The characteristics of the grid-generated turbulence at the exit of the open-jet wind tun-
nel are further investigated by assessing the flow anisotropy and homogeneity. The ana-
lysis of the turbulence characteristics at the nozzle exit, carried out in terms of turbu-
lence intensity of the velocity components and turbulence spectra, has highlighted a
slight anisotropy of the flow. More specifically, the fluctuation of the upwash velocity
component appears to be larger than that of the streamwise velocity component. This
is consistent with the known behaviour of turbulent structures experiencing a distor-
tion caused by a contraction, which leads indeed to an increase of vorticity along the
axis of the contraction and a consequent decrease in the two normal directions. This
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Figure 3.6: Acoustic validation for the (a) NACA 0012 and (b) NACA 0012-103 configurations in terms of sound
power level.
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Figure 3.7: Acoustic validation for the (a) NACA 0012 and (b) NACA 0012-103 configurations in terms of noise-
directivity pattern.

causes the energy to redistribute from the streamwise to the upwash and spanwise velo-
city fluctuations [22, 47, 109, 110]. As shown by Batchelor and Proudman [47], the energy
redistribution is proportional to the contraction ratio, which is related to the section vari-
ation in the final part of the nozzle. Considering the dimensions of the grid-generating
turbulence and the nozzle exit section, the contraction is equal to 4.16. This value is
significantly larger than those commonly employed in the literature to adjust the flow
anisotropy downstream of a grid, which are in the order of 1 [109-111], and explains
the higher fluctuation observed for the upwash velocity component with respect to the
isotropic state observed in Subsection 3.2.2.

The variations of the ratio between the root-mean-square of the velocity-components
fluctuations in the streamwise direction, shown in Fig. 3.8, are a further confirmation
of the hypothesis formed above. These trends, showing the evolution of the flow from
x1/c = -1.5to x;/c = 0, indicate that the upwash velocity component and the span-
wise velocity one feature increasingly similar fluctuations, larger than those character-
ising the streamwise velocity component. An ancillary x-axis is reported to indicate the
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Figure 3.8: Ratios of the root-mean-square of the three velocity components along the stagnation streamline
between x1/c=-1.5and x1/c=0.

variation of the ratios with respect to the distance from the turbulence-generating grid,
expressed in terms of the mesh size W.

However, this analysis only provides information on the isotropy of the energy-containing
scales. As emerged from the study of the turbulence frequency spectrum of the upwash
velocity component (Fig. 3.5b), the anisotropy characterises mostly the large scales of
turbulence. The following relations for the velocity derivatives are more representative
of the behaviour and characteristics of small-scale structures [111]:

6u’12_2 au;2 3.82)
(ax3) B (axl) ' e
(6ug)2_2(6u’1)2 3.8b)
ox1)  \ox )’ '
oul\(dul\ 1(0u\?
_(ﬂ) (—3):—(ﬂ) ) (3.8¢)
0)63 6x1 2 0x1

!

2

Fig. 3.9 reports these relations in the form of ratios with respect to (%) . Satisfactory
isotropy levels are observed as the flow develops in the streamwise direction, with the
curves of equations 3.8a and 3.8b overlapping with the asymptote at 2 and that of equa-
tion 3.8c very close to 1/2.

Skewness Si and kurtosis K, of the streamwise velocity component along the stag-
nation streamline have also been investigated to assess the similarity of the probability
density function (PDF) of this fluctuating velocity component to a Gaussian distribution
[112, 113]. The results are reported in Fig. 3.10. The skewness and kurtosis of the upwash
and spanwise velocity components are omitted in this study since they show very similar
behaviour to that of the streamwise velocity. Both S; and K, stay within the ranges spe-
cified in the literature to indicate the isotropy of the flow, equal to [-1, 1] for the skewness
and to [2,4] for the kurtosis.
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Figure 3.9: Ratios of the second-order velocity derivative moments of Eq. 3.8 along the stagnation streamline
between x1/c=-1.5and x1/c=0.
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Figure 3.10: Skewness and kurtosis of the streamwise velocity component along the stagnation streamline
between x/c=-1.5and x/c=0.

Further information on the turbulent flow after the distortion occurring in the final
part of the nozzle is obtained by analysing the anisotropy invariant map, also known as
Lumley triangle [114-116]. This technique provides insight into the return to isotropy
of grid-generated turbulence by using the second and third invariants of the anisotropy
tensor, whose non-dimensional form is

[
uiuj 1

bi =2k, ~3%0 9

with §;; being the Kronecker delta and k; = u}u}/2 the turbulent kinetic energy, related
to the trace of the Reynolds stress tensor. For incompressible flows, the invariants I, II,
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Figure 3.11: Anisotropy invariant map for 6 positions along the streamwise direction (indicated in the plot) at
X2 =0 and x3 = 0. The position where the aerofoil will be placed is reported as a reference in the plot below.

and III are retrieved by the anisotropy tensor terms through the expressions

I = b=0, (3.10)
b;ibi;
n = L7 3.11)
2
biibinbni
m = % (3.12)

which are used to create a coordinate system (III), (II) [117]. The range of invariants,
and hence the possible states of turbulence, must fall within the boundaries shown in
Fig. 3.11: one-dimensional turbulence (III = 2/27 and II = 1/3) in the right-hand corner,
two-component axisymmetric turbulence (IIl = —1/108 and II = 1/12) in the left-hand
corner, and isotropic turbulence (III = 0 and II = 0) at the origin of the plot. Turbulence
in the left region has one component smaller than the other two, as in the case of an
axisymmetric contraction [117], and is defined as "disk-like" or "pancake-shaped" tur-
bulence. In the right region, turbulence has one component of the turbulent kinetic
energy higher than the other two, as occurs for axisymmetric expansion, and is defined
as "rod-like" or "cigar-shaped" [116]. The anisotropy tensor invariants are calculated
at 6 positions equally spaced along the streamwise direction between x;/c = —1.5 and
x1/c = 0 in the midspan plane (x; = 0, x3 = 0), thus yielding 6 points in the invariant
map. The results, reported in Fig. 3.11, indicate that turbulence slightly tends to the
left-hand side of the triangle, consistent with the distortion mechanism occurring in a
converging section, but is close to the isotropic condition.

Finally, flow homogeneity at the nozzle exit is assessed by analysing the spanwise
distribution of the time average and the root-mean-square of the three velocity com-
ponents. These distributions are shown from x3/c = —0.36 to x3/c = 0.36 in Fig. 3.12a,
3.12c, 3.12e, and Fig. 3.12b, 3.12d, 3.12f, respectively. The time-averaged values of the
streamwise velocity component show a progressive acceleration at the exit of the nozzle,
as expected. For the upwash velocity component, whose distribution can be considered
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Figure 3.12: Spanwise distribution of the (a), (c), (e) time-average and (b), (d), (f) root-mean-square of the
three velocity components at 6 different positions along the stagnation streamline between x;/c = —1.5 and
x1/c=0.
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Figure 3.13: (a) Picture of the experimental set-up mounted in the A-Tunnel at TU Delft and (b) descriptive
sketch of the set-up with the main dimensions, distances, and operational parameters.

homogeneous in the spanwise direction, a small increase below 2% of the free-stream
streamwise velocity is found. The spanwise velocity component remains equal to zero.

As regards the spanwise distribution of the root-mean-square of the velocity fluctu-
ations, all three components exhibit a progressive decrease in the streamwise direction.
At the upstream locations inside the nozzle, a spanwise periodicity still characterises
the distributions of the upwash velocity component and, mildly, the spanwise one. This
indicates that the coalescence of the wakes generated by the rectangular grid, whose
collection constitutes the turbulent flow field [118], is still ongoing in the last part of the
nozzle. This periodic pattern reduces as the distance from the nozzle exit increases, and
a homogeneous condition is reached at the most downstream position, where the aero-
foil is placed.

3.3. EXPERIMENTAL SET-UP FOR GRID-ROTOR CONFIGURATION

The experimental campaign has been conducted in the anechoic wind tunnel (A-Tunnel)
of the Flow Physics and Technology Department of TU Delft. This facility consists of a
vertical open-jet wind tunnel, with the test section being an anechoic chamber lined
with melamine wedges. To avoid potential acoustic reflections, the metal grids that typ-
ically cover the sound-absorbing foam on the floor were removed during the noise meas-
urements. A detailed description and characterisation of this wind tunnel is provided by
Merino-Martinez et al. [119]. A picture of the rig in the anechoic chamber is reported in
Fig. 3.13, which also shows a qualitative sketch of the experimental set-up with the main
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Figure 3.14: (a) 3D model of the two-bladed propeller and (b) chord and pitch angle distributions.

dimensions, distances, and operational parameters. The reference system is consistent
with the notation used in Amiet’s formulation [80]. The origin is set at the rotor hub, the
axial direction, aligned with the free-stream velocity but oriented in the opposite direc-
tion, is denoted by x3, and the x; and x, axes lie in the rotor plane, forming a right-hand
coordinate system. The corresponding velocity components, as introduced in Chapter 2,
are indicated with ug, u; and us.

A constant-section circular nozzle with diameter H and length /; equal to 0.60m
has been placed at the exit of the tunnel. Turbulence is generated by a rectangular
grid positioned upstream of the constant-section nozzle to minimise background noise.
The grid consists of rectangular bars with a width of d = 0.01m and a mesh length of
M =0.10m, as shown in the detail of Fig. 3.13. The free-stream velocity at the nozzle exit

is Uy = 9.5ms™!, with a turbulence intensity u’32 /Ux = 6% and an integral length scale
of the axial velocity component in the same direction L3 = 0.018 m. These flow charac-
teristics have been obtained through hot-wire measurements, as described in Subsec-
tion 6.3.1, conducted at the nozzle exit without the propeller.

The propeller and test rig used in this experimental campaign are the same as used by
Grande et al. [86]. The test rig consists of an aluminium nacelle with a diameter of 0.05m,
which stems from a stiffened hollow aluminium NACA-0012 wing with a 0.06 m chord.
The entire structure is suspended above the tunnel nozzle by four steel-wire tubes, each
with a diameter of 2 cm, secured to the tunnel to minimise vibrations and interference.
Thin rubber layers have been added between the stiffened wing and the steel-wire tubes,
as well as at the joints where the tubes attach to the nozzle lip, to further dampen vibra-
tions.

The structure is mounted so that the propeller is positioned downstream of the exit
of the nozzle at a distance I, = 0.40m. The propeller APC 9 x 6, which has a diameter
of 9” (0.229m) and a pitch of 6” (0.152m), has been used as a reference to design the
propeller of the present investigation. This has been obtained by scaling the diameter to
D = 0.30m and reshaping the blade sections to a NACA-4412 profile, except for the first
0.01 m, which features an elliptical section. Figure 3.14 reports the chord and twist angle
distributions of the blade. Further details on the design of the propeller can be found in
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Figure 3.15: (A) HWA setup and (B) HWA locations. Axial (streamwise) and radial (crosswise) distances are
reported in terms of the propeller radius R.

Grande et al. [86].

The nacelle contains the motor driving the propeller, a Lehner Motors LMT 2280/34
brushless inrunner. It features 2280 windings, which results in a motor velocity con-
stant K, of 218 RPM/V. This constant defines how many revolutions per minute (RPM)
the motor turns per volt of applied voltage under no-load conditions. The motor is con-
trolled by a trapezoidal electronic speed controller (ESC) that operates using pulse width
modulation (PWM) and is powered by an external programmable 5kW direct current
(DC) power source.

Three different rotational speeds, i.e. 4000 RPM, 6000 RPM, 8000 RPM, have been in-
vestigated to validate the proposed methodology. Calculating the advance ratio as J =
U/ nD, with n being the propeller rotational frequency in Hz, the resulting values cor-
respond to J = 0.45, ] = 0.30, and J = 0.23, respectively.

ACOUSTIC MEASUREMENTS

A directivity arc, equipped with 10 G.R.A.S. 40PH analog free-field microphones, has
been used to take acoustic measurements. The microphones have a diameter of 7mm, a
frequency range between 10 and 20kHz, and a maximum sound pressure level (SPL) of
135dB. The arc has a radius of 1.5m, but the microphones have been placed at Rpjc =
1.3m from the rotor hub. The angular positions of the 10 microphones are referenced
to the rotor axis, as illustrated in Fig. 3.13. Microphone 1 is positioned at 7t/3, oriented
upstream with respect to the rotor plane, while microphone 10 is located at 57t/6. The
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Table 3.5: Experimental Test Matrix. The free-stream velocity was kept constant at 9.5ms~!, meaning that

the advance ratios at the three rotational speeds considered are J = 0.45, J = 0.30, and J = 0.23, respectively.
Colored cells indicate cases where HWA measurements are available.

Grid Motor Propeller Rotational speed Description
4000 6000 8000
[RPM] [RPM] [RPM]

Off Off Background noise (clean)
On Off . . . Background noise (clean) + motor
On . . D Propeller noise with clean inflow
On Off Background noise (turbulent)
On Off . . . Background noise (turbulent) + motor
On . . . Propeller noise with turbulent inflow

angular spacing between two adjacent microphones is Afy;c = 71/18.

The calibration of the microphones has been performed using a G.R.A.S. 42AA pis-
tonphone with a calibration level of 114dB and a reference sound pressure of 20uPa.
A National Instrument PXIe-4499 has been used to acquire the acoustic data and the
encoder signal. The signals measured by the microphones have been recorded for 60s
at a sampling frequency of 51.2kHz. Finally, Welch’s method has been applied with a
Hanning window characterised by a 50% overlap to obtain the PSDs with a frequency
resolution of 100 Hz.

AERODYNAMIC MEASUREMENTS

The flow approaching the propeller has been characterised by hot-wire anemometry
(HWA). The fluctuations measured using this technique are primarily aligned with the
mean velocity [120], which in this case corresponds to the axial direction. Flow velocity
has been measured on a point grid of 8 streamwise positions and 9 radial positions, as
shown in Fig. 3.15. The probe, a platinum-plated tungsten wire 5pm wide and 1.25mm
long, is a Dantec Dynamics P11 (Ry = 3.4, R; = 0.5, azo = 0.36) operated using a con-
stant temperature bridge and is mounted on a remotely operated 2D traversing system.
Measurements are performed at a sampling frequency of 51.2kHz for 60s. The same
parameters for Welch’s method as in the aeroacoustic measurements have been applied
to process the HWA data.

TEST MATRIX

The investigated cases are summarised in the test matrix of Table 3.5. Acoustic meas-
urements have been taken for all configurations, for a total of 14 cases considering that
3 different RPM values are taken into account for each flow condition. Conversely, HWA
measurements have been performed only for the configuration without the propeller in
order to characterise the turbulent inflow at the nozzle exit and in the propeller case at
6000RPM, considered the baseline one. The configurations where aerodynamic meas-
urements are available are indicated with a colored cell in the table.



PHYSICAL ANALYSIS

The objective of this chapter is to improve the understanding of turbulence-distortion
mechanisms and their impact on sound radiation by analysing the velocity field and
unsteady surface pressures in the stagnation region of realistic aerofoils. This physical
description represents a key step for developing approaches that can accurately pre-
dict leading-edge noise in low-fidelity methods. The results discussed support a pre-
diction methodology for extending the theory of Amiet [16] by incorporating turbulence-
distortion effects into the model. This approach eliminates the need to prescribe a sampling
location for the turbulence characteristics, as done in prior studies, and requires only
knowledge of the upstream turbulence conditions and the distortion characteristic di-
mension a of the aerofoil. The identification of this parameter makes it possible to ex-
tend the RDT results to model the flow-field alteration in the stagnation region of real-
istic aerofoil geometries, as suggested by Zamponi et al. [82].

The analysis has been conducted numerically using the grid-aerofoil configuration
for the NACA 0012 and NACA 0012-103, replicating the experimental setup from the Uni-
versity of Southampton [34], as explained in Chapter 3.

4.1. ANALYSIS OF THE VELOCITY FIELD

The behaviour of the turbulent field approaching the aerofoil and the extension of the
region where distortion occurs can be identified by considering the root-mean-square
of the velocity components along the stagnation streamline. Figure 4.1 shows the trends
for the streamwise and upwash velocity components u; and uy for the NACA 0012 and
the NACA 0012-103 aerofoils (the spanwise velocity component u3 is not shown, as its
fluctuations remain constant, as also confirmed by Hunt [45]). As the flow approaches
the stagnation point, the blockage induced by the body causes the streamwise velocity
fluctuations to abruptly decrease and the upwash fluctuations to increase [45]. This dis-
tortion mechanism prevails in the case of large-scale turbulence, i.e. when the ratio of
the scale of the incoming turbulence to the characteristic dimension of the body, iden-
tified in the literature as the aerofoil leading-edge radius (see Chapter 1), is greater than

53
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Figure 4.1: Comparison of the root-mean-square of the spanwise-averaged (a) streamwise and (b) upwash
velocity components along the stagnation streamline for the two aerofoil configurations. The dashed lines
highlight the position corresponding with one leading-edge radius upstream of the leading edge for both cases.

Table 4.1: Sampling locations of the velocity components along the stagnation streamline.

X1 xi/c X1/TLE0012  X1/TLE0012-103

[m] [-] [-] [-]
—-0.75 -0.50 -31.3 -11.4
-0.023 -0.15 -9.38 -3.41
-7.50x 1073 —-0.050 -3.13 -1.14
—2.25%x1073 —-0.015 -0.94 -0.34
—7.50%x107* -5.00x1073  -0.31 —0.11
—2.25%x107* -150%x107%  —-0.09 -0.03

0.5 [121]. This is the case for two aerofoils under investigation: L;/r g amounts to 2.5
and 1 for the NACA 0012 and NACA 0012-103, respectively.

Notably, the trends of the root-mean-square of the velocity components along the
stagnation streamline coincide both far away and in the vicinity of the stagnation point,
despite the significant difference between the two leading-edge radii. The variation due
to the presence of the body occurs at a distance from the stagnation point that appears
unrelated to the leading-edge radius. These findings differ from those of Mish and De-
venport [53, 54] and De Santana et al. [50], according to whom turbulence-distortion
effects are detected within 1 from the stagnation point, and challenge the relevance
of this geometrical parameter in the alteration of the velocity field.

Further indications about the alteration of the velocity field due to the deformation of
the turbulent structures are provided by the velocity spectra at different positions along
the stagnation streamline. Figure 4.2 reports the spectra of the streamwise velocity com-
ponent @ at 6 different upstream locations from the stagnation point, listed in the le-
gend of the figure. Data are spatially averaged in the spanwise direction. The turbulence
frequency spectra for both aerofoils overlap up to x;/c =~ —5 x 1073, while, for smaller
distances, the effects caused by the presence of the body start to be apparent, i.e. O1;
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Figure 4.2: Turbulence frequency spectra of the streamwise velocity component along the stagnation stream-
line at different distances from the aerofoil leading edge for the (a) NACA 0012 and the (b) NACA 0012-103. All
the spectra are spatially averaged in the spanwise direction.

decreases for all the frequencies.

The same analysis is also repeated for the upwash velocity component, whose tur-
bulence frequency spectra 0, are reported in Fig. 4.3. Notably, for both aerofoils, the
variation of @y, approaching the stagnation point differs from that of the spectra of the
streamwise velocity. In this case, the amplitude of the low-frequency part increases,
whereas that for the high-frequency part decreases. These two different trends depend
ontheratio L;/a, which is related to the leading-edge geometry, as explained by the find-
ings of the RDT of Hunt [45]. The crossover frequency between the two trends thus indic-
ates the wavelength at which they balance each other, corresponding to turbulent struc-
tures similar in size to the characteristic dimension of the obstacle. This explains why the
crossover frequency is observed at St; = 1 in the case of the NACA 0012 (Fig. 4.3a), which
features a sharper leading edge, while it is slightly lower, around St; = 0.6, for the more
rounded NACA 0012-103 (Fig. 4.3b). Lastly, at locations along the stagnation streamline
where turbulence is already distorted, the low-frequency part of the spectrum does not
change significantly with the decreasing distance from the surface, while the slope of the
high-frequency part keeps increasing.

Since the high-frequency attenuation has been identified as the most significant ef-
fect on the aerofoil aerodynamic and acoustic response in the presence of a realistic
aerofoil geometry, it is worth focusing on the decay slopes of the spectra at different
distances from the leading edge, also depicted in the plots of Fig. 4.3. For large dis-
tances from the leading edge, i.e. |x;/c| > |-0.015|, the decay slope is —5/3, as foreseen
by the linearised theory for the inertial subrange [108]. For the spectrum sampled at
x1/c=-0.015, it is still close to —5/3 but progressively decreases as the stagnation point
is approached. At x;/c = =5 x 1073, @y, is characterised by a decay slope of —10/3 for
both aerofoils. This value is predicted by the RDT for spectra in the vicinity of the lead-
ing edge but for angular positions away from the stagnation streamline [45]. The spectra
sampled closest to the body for both aerofoils feature a steeper exponential decay slope,
for which the following expression derived by Hunt [45] for the normalised @, in the
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Figure 4.3: Turbulence frequency spectra of the upwash velocity component along the stagnation streamline
at different distances from the aerofoil leading edge for the (a) NACA 0012 and the (b) NACA 0012-103. All the
spectra are spatially averaged in the spanwise direction.

immediate vicinity of the stagnation point reads

7
u(?Z_ZI: ~ G (a/Ll)_%K13e_%m‘1, 4.1)
which corresponds to Eq. (2.95). In this case, the characteristic size of the body a has
been set equal to the geometrical parameter lg;, which will be introduced in the subsec-
tion Section 4.3. Interestingly, in the frequency range of analysis, this exponential decay
can be approximated by a linear decay with a slope of —20/3, as shown in Fig. 4.3.

The spanwise evolution of turbulence as the aerofoil leading edge is approached is
analysed in terms of spanwise coherence length I3 (w) using Eq. (2.15), which is linked
to the inflow-turbulence noise produced by the aerofoil, as shown in Eq. (2.13). The
coherence of the upwash velocity component in the spanwise direction is calculated at
the locations listed in the legend of the figure along the stagnation streamline. Results,
which are reported in Fig. 4.4, show that the I3 (w) values in the low-frequency range
increase as the stagnation point is approached, whereas the high-frequency range is not
affected by the turbulence distortion and does not vary with the increasing proximity to
the leading edge.

4.2. TURBULENCE-DISTORTION EFFECTS ON UNSTEADY SUR-

FACE PRESSURE

Relevant indications about the noise-generation mechanism and effect of aerofoil geo-
metry can be inferred by looking at the pressure distribution on the aerofoil surface.
The root-mean-square of the spanwise-averaged surface-pressure fluctuations, which
are normalised by the free-stream dynamic pressure ¢, is shown for both aerofoils in
Fig. 4.5. The distributions, reported as a function of the curvilinear abscissa s, are com-
pared to the spatial derivative with respect to s of the time-averaged pressure coefficient
Cp along the surface. For both aerofoils, the position along the surface at which the
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Figure 4.4: Spanwise coherence length of the upwash velocity component along the stagnation streamline at
different distances from the aerofoil leading edge for the (a) NACA 0012 and the (b) NACA 0012-103.

pressure fluctuation is maximum occurs downstream of the stagnation point, in agree-
ment with the results of Zamponi et al. [122]. More precisely, the point of maximum
surface-pressure fluctuations is slightly downstream of the position where the pressure
gradient peaks. This result suggests a direct relation between the pressure gradient along
the aerofoil, which is associated with the mean flow around the body, and the spatial
distribution of the surface-pressure fluctuations, which are connected with the noise-
generation efficiency of the body [123].

The distributions of these quantities are also compared with the spatial derivative of
the non-dimensional curvature C;s with respect to the curvilinear abscissa s (Figs. 4.5¢
and 4.5d for the NACA 0012 and NACA 0012-103, respectively). As expected, the pres-
sure gradient is maximum where the curvature changes more abruptly, i.e. at the posi-
tion where the derivative of the curvature reaches its utmost. This observation identifies
in the variation of curvature, which is related to the sharpness of the leading edge, a
relevant geometrical feature for noise-generation efficiency, as also shown by Lockard
and Morris [29], Oerlemans [32] and Moriarty et al. [124]. Indeed, even though the far-
field noise spectra for the two aerofoils are comparable (see Fig. 3.6), a noise reduction
of around 5dB occurs for the NACA 0012-103, which is characterised by a more roun-
ded leading edge, for St; > 0.6. This is attributed to the lower peak (around 80 %) of
the surface-pressure fluctuations with respect to that induced on the NACA 0012 (see
Fig. 4.5), confirming that the shape of the leading edge has an impact on the sound-
radiation efficiency of the aerofoil even when the thickness is kept constant, in agree-
ment with Gill et al. [36]. In addition, the pressure-gradient intensity, associated with
the variation of curvature in the front part of the aerofoil, seems to affect the distortion
of the turbulent structures as they accelerate along the surface, as also concluded by
Gershfeld [39].

The impact of the alteration of the velocity field due to turbulence distortion on the
noise generation is investigated by analysing the frequency spectra of the pressure fluc-
tuations at different positions along the surface of the aerofoils and averaged in the span-
wise direction (Fig. 4.6). The five sampling locations are set as multiples of the curvilin-
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Figure 4.5: Analysis of the surface pressure. The root-mean-square of the surface-pressure fluctuations is com-
pared with the time-averaged pressure gradient and the derivative of the curvature of the leading edge of the
aerofoil for the (a)- (c) NACA 0012 and the (b)- (d) NACA 0012-103.

ear abscissa of the point of maximum pressure fluctuations with respect to the stagna-
tion point, defined as lgis. The purpose is to analyse the variation of surface-pressure
characteristics in the surroundings of the point where the noise source is maximum. For
both NACA 0012 and NACA 0012-103, the surface-pressure spectra in the vicinity of the
leading edge feature an exponential decay slope in the high-frequency range. Such decay
is caused by the pile-up of the vortical structures on the stagnation point, which leads to
amore effective cancellation of the pressures induced by the eddies with respect to other
positions around the body [125]. At the stagnation point and in the high-wavenumber
asymptotic limit, which describes the effects on the surface pressure caused by the dis-
tortion of small-scale structures, this physical mechanism can be modelled by [125]

O,p o (alLy) "3 (Lixy /@) 5 e ™10, 4.2)

Here, Q is a factor derived from the expansion of Lighthill’s drift function [83] computed
on the surface boundary, which the linearised theory estimates to be O(1). This para-
meter has been determined by matching the exponent to that of the high-frequency
exponential decay of the upwash velocity spectrum identified by Hunt [45], resulting
in Q = 0.6 for both aerofoils. Under this assumption, Fig. 4.6 shows that the analytical
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Figure 4.6: Surface-pressure spectra at different positions along the aerofoil surface for the (a) NACA 0012 and
the (b) NACA 0012-103. All the spectra are spatially averaged in the spanwise direction.

calculations correctly approximate the surface-pressure spectra sampled at the closest
positions to the stagnation point for both aerofoils, proving that, in the vicinity of the
leading edge, the unsteady surface pressure in the high-frequency range decays as the
upwash velocity. Moreover, similarly to the velocity field, the exponential roll-off char-
acterizing the high-frequency range of the surface-pressure spectrum is very close to a
linear decay with a slope of —20/3. This result agrees with the experimental findings of
Bowen et al. [37], who showed that the high-frequency slope of the surface-pressure PSD
in the vicinity of the stagnation point of a NACA 0012 scales approximately with the 7th
power of the frequency. As the surface-pressure spectra are sampled more downstream,
a significant reduction in the absolute value of the decay slope and amplitudes at high
frequencies is observed, whereas the levels in the low-frequency range increase up to the
location of maximum surface-pressure fluctuations and then decrease.

The effects of the distorted velocity field on the surface-pressure distribution are now
studied in terms of coherence }/i - between the surface pressure and the upwash velo-

city sampled at two different locations along the stagnation streamline using Eq. (2.16).
Figure 4.7 shows the yi - distribution along the aerofoil using as reference points x; /c =
2

-0.5 and x;/c = —1.5 x 1073, i.e. the furthest and closest positions with respect to the
leading edge among those previously considered. Higher coherence between the surface
pressure on the leading edge and the upwash velocity component is obtained when the
velocity is taken very closely to the stagnation point, particularly in the high-frequency
range. In agreement with Bowen et al. [37] and Zamponi et al. [122], the highest Yiép’

values are found slightly downstream of the stagnation point, specifically at the location
where the root-mean-square of the surface-pressure fluctuations is maximum, i.e. at the
position where the curvature changes more abruptly. The high coherence between the
surface pressures and upwash velocity fluctuations in the vicinity of the stagnation point
confirms that sound-production mechanisms are affected by the alteration experienced
by the velocity field due to the distortion of the turbulence structures. Consequently, the
investigation of the surface pressure can provide meaningful insight into the deforma-




60 4. PHYSICAL ANALYSIS

tion mechanisms experienced by the incoming turbulence, as will be demonstrated in
the next subsection.

4.3. DESCRIPTION OF TURBULENCE-DISTORTION MECHANISMS

AND INFLUENCE OF AEROFOIL GEOMETRY

The turbulence-distortion mechanism is now further elucidated in view of the results of
the analyses of the surface pressure and the velocity field. As shown in Section 4.1, the
frequencies marking the crossover between the large-scale distortion behaviour (low-
frequency part of the spectra) and the small-scale one (high-frequency part of the spec-
tra) differ for the two aerofoils. This finding hints at an effect of the leading-edge geo-
metry on the distortion mechanisms of the incoming turbulent structures, which are
dictated by the conditions L;/a>1and L;/a < 1.

What remains to be elucidated yet is which geometrical parameter a determines
these different behaviours. The evolution of the surface-pressure fluctuations provides
a valuable indication for it. Indeed, if turbulence distortion, as well as noise generation,
is affected by the flow accelerating along the aerofoil surface, it is reasonable to assume
that the relative size of the eddies with respect to the space available for accelerating is
also relevant in determining the deformation mechanism the eddies will experience in
the interaction with the leading edge. As previously mentioned, this distance lg;s can
be estimated from the geometrical characteristics of the aerofoil, being this parameter
comparable to the arc length going from the stagnation point to the position of max-
imum variation of curvature. This location also coincides with the point where the aero-
foil geometry at the leading edge starts diverging from the curve of the osculating circle,
i.e. 1gis = OqistLE, with O4;5 being the angular position along the leading-edge circle asso-
ciated with the point of the maximum derivative of the aerofoil curvature (Fig. 4.8).

By employing a Strouhal number St defined with this quantity, the impact of l4;s
on the distortion of the incoming turbulence structures can be assessed. The turbulent
spectra of the upwash velocity component at three different distances from the stag-
nation point are shown in Fig. 4.9 for both aerofoils. Using S, , the spectra collapse
for all the considered distances, suggesting that the distortion length lg;s is the geomet-
rical parameter to consider to evaluate the turbulence-distortion effects and legitimate
the extension of the RDT results to aerofoil applications. This is also a further indication
that the leading-edge radius indirectly plays a role in the identification of the turbulence-
distortion mechanisms via the length of the arc from the stagnation point to the position
of maximum curvature. Interestingly, in the case of the NACA 0012, the value of l4;5 al-
most coincides with the leading-edge radius, supporting the literature results outlined
in Chapter 1 that considered ri g as the characteristic dimension of the aerofoil noise
dictating the turbulence distortion.

4.4, TURBULENCE-DISTORTION EFFECTS ON LEADING-EDGE NOISE

PREDICTION

The results of the analysis of the velocity field in the vicinity of the leading edge and the
unsteady surface pressure on the aerofoil allow the assessment of turbulence-distortion
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Figure 4.7: Coherence between the surface pressure and the upwash velocity sampled at (a) x; /¢ = —0.5 and (c)
x1/c=-1.5%x1073 for the NACA 0012 and at (b) x; /c = —0.5 and (d) x; /c = —1.5x 103 for the NACA 0012-103.
In the figures, the position where the upwash velocity is sampled is shown with a dot, while the dotted line
depicts the position along the aerofoil where surface-pressure fluctuations peak.
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Figure 4.8: Geometry of the leading edge of the (a) NACA 0012 and the (b) NACA 0012-103 with highlighted the
parameter lijs, geometrically comparable to the distance along the aerofoil surface between the stagnation
point and the position of maximum curvature variation.

effects in low-fidelity models. A first attempt to account for these effects in Amiet’s model
is carried out by using Eq. (2.10), which relates the far-field noise to the cross-spectral
density of the surface pressure on the aerofoil by means of Curle’s analogy. This has
been solved by using an in-house routine implemented in MATLAB by MathWorks. The
outcome of this implementation of Amiet’s model compared to the noise prediction ob-
tained with the solid formulation of FWH analogy is shown in Fig. 4.10 in terms of SPL,
whose calculation considers the observer above the leading edge (6 = 7t/2) at a distance
of R = 1.2m. The noise prediction obtained with Amiet’s model coincides with the res-
ults of the FWH analogy, correctly estimating the noise levels and the decay slope in the
range of interest, up to the frequency associated with the sampling spatial resolution
of the surface pressures in Amiet’s model. Indeed, this resolution was kept significantly
lower than that employed by PowerFLOW for the FWH analogy due to the excessive com-
putational cost required by solving Eq. (2.10) in MATLAB. This results in an insufficient
characterization of destructive interference effects, which explains the discrepancy ob-
served at very high frequencies.

The comparison, on the one hand, shows that the analytical model of Amiet is able
to accurately predict inflow-turbulence noise also for the case of aerofoils with non-
negligible thickness but, on the other hand, is not particularly interesting from an ap-
plicative point of view since its implementation requires the knowledge of the surface
pressure field on the whole aerofoil. The advantage of using a low-fidelity method to
decrease the computational cost would be, hence, lost.

The most relevant and practically useful formulation of Amiet’s model is that of Eq. (2.11),
which allows the calculation of the far-field noise starting from the characteristics of the
incoming turbulence by using a transfer function to model the response of the aerofoil to
the perturbation. Given the results obtained in the previous section regarding the modi-
fication of the velocity field in the vicinity of the surface, a possible approach to account
for the turbulence-distortion effects in the noise prediction by means of Amiet’s model
is to consider turbulence characteristics in the vicinity of the stagnation point. The sim-
plified version of Eq. (2.13) is employed to consider the turbulence spectrum along the
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Figure 4.9: Comparison of the upwash velocity component spectra for the two aerofoils as a function of the
Strouhal number defined using the quantity lg;5, which represents the arc length along the surface for which
the aerofoil is approximated as a circle.

stagnation streamline as input. In particular, the ©,, (w) acquired in the closest position
to the aerofoil leading edge (x;/c = —1.5x1073) is used in the equation. The spanwise co-
herence length /5 (w) is calculated at the same position. The noise prediction obtained
using this low-fidelity method is compared to the results of the FWH analogy in terms
of SPL and PWL. For the calculation of the SPL, the observer location has been con-
sidered to be right above the leading edge (6 = 7t/2) in the midspan plan, at a distance of
R=1.2m.

The comparison in SPL between the analytical prediction and the FWH analogy is
reported in Fig. 4.11, while Fig. 4.12 shows the corresponding PWL. Amiet’s model us-
ing as input the turbulence spectrum sampled 1.5 x 103 ¢ upstream of the leading edge,
indicated with @, gis, is compared with the prediction using a spectrum sampled far up-
stream as input, i.e. at 0.5 ¢ from the stagnation point, expressed as @2z ups. In agreement
with the literature findings, the canonical application of Amiet’s model, i.e. considering a
spectrum representing the undistorted conditions, correctly estimates the noise level in
the low-frequency range up to St; = 0.35, while overpredicts it for higher frequencies, for
which the decay slope of the spectrum is not correctly calculated. Conversely, the predic-
tion of Amiet’s model using the distorted spectrum features the same trend as that com-
puted with the FWH analogy, including the correct decay slope in the high-frequency
range. A general overestimation in the entire frequency range is obtained, though. This
overestimation is traced back to the results of the velocity-field analysis in the stagna-
tion region, where the upwash velocity spectrum increases in the low-frequency range
and decreases in the high-frequency one, and depends on the fact that the aeroacoustic
transfer function in Eq. (2.45) and Eq. (2.46) have not been modified accounting for the
distortion effects. Given the crucial role played by the transfer function in the quantit-
ative prediction of the emitted noise levels, Section 4.5 will be dedicated to investigating
these effects.

The consequences of incorporating turbulence-distortion effects into Amiet’s model
are now evaluated by varying the sampling position of the turbulence spectrum across
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Figure 4.10: Sound pressure level in the far-field calculated for an observer placed at R = 1.2m and 8 = 7t/2, with
the angular position computed with respect to the downstream direction, for the (a) NACA 0012 and (b) NACA
0012-103. Amiet’s implementation using surface pressure cross-PSD as input is compared to the calculation
provided by the FWH analogy. The reference pressure for the SPL calculation is 2 x 1072 Pa.

the entire stagnation region. The analysis involves calculating the difference in the over-
all sound pressure level AOASPL between Amiet’s model using the distorted spectrum
as input and the results provided by the FWH analogy. The difference between these
two noise predictions has been calculated in the frequency range in which leading-edge
noise prevails, i.e. 0.15 < St; < 1.5.

It is useful to combine such analysis with the assessment of the difference in decay
slope in the high-frequency range |Am| between the spectrum obtained with the FWH
analogy and Amiet’s model with different positions where @y, is sampled. The decay
slopes of the sound power levels in the range going from St; = 0.4 to St; = 2 are taken as
reference. Figure 4.13 reports the contour plot of both these quantities for the two aero-
foils. On the one hand, the results for the AOASPL in Fig. 4.13a and 4.13b demonstrate
that a substantial increase in terms of noise levels up to 6 dB in comparison with the
numerical simulations is obtained by sampling ©,, closer to the stagnation point. On
the other hand, the difference in decay slope between Amiet’s model and FWH shown
in Figs. 4.13c and 4.13d indicates that a significant improvement is achieved in the high-
frequency range with respect to the canonical application of Amiet’s model, with Am
tending to zero when the turbulence spectrum is sampled at the aerofoil stagnation re-
gion.

4.5. AEROACOUSTIC TRANSFER FUNCTION MODIFICATION FOR
DISTORTED-TURBULENCE INPUT

In view of the above, the effects of turbulence distortion on the velocity field must be
taken into account in the physical modelling of the noise-generation mechanism at the
basis of low-fidelity noise-prediction methods. This can be achieved by considering
the turbulence spectrum in the immediate vicinity of the stagnation point to capture
the characteristics of the unsteady loading on the leading edge. Indeed, the closer the
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Figure 4.11: Sound pressure level in the far-field calculated for an observer placed at R = 1.2m and 8 = 7/2,
with the angular position computed with respect to the downstream direction, for the (a) NACA 0012 and the
(b) NACA 0012-103. Amiet’s implementation using spectra sampled far upstream 037 ;ps and in the distorted
region of the flow field @, gjs is compared to the calculation provided by the FWH analogy. The reference
pressure used to calculate the SPLis 2 x 107> Pa.

sampling location is, the more accurate the prediction of the decay slope will be. The
constant noise overestimation across the entire frequency range, however, indicates that
the effects of turbulence distortion have not been fully accounted for. The comparison
with the accurate prediction obtained implementing Eq. (2.10), which does not require a
transfer function to relate the unsteady loading distribution to the incoming turbulence
characteristics, suggests that potential distortion effects on the aerofoil response must
be assessed.

As outlined in Subsection 2.1.1, Amiet’s model relies upon the relation between the
pressure distribution on the aerofoil surface (specifically, a flat plate) and the upstream
incident gust that induces the unsteady loading. The analytical expression for this re-
lation (Eq. (2.3)) is obtained in the assumption of monochromatic sinusoidal gust with
amplitude uy ¢ (Eq. (2.2)), which introduces the transfer function g (x, K, k3). Employ-
ing a transfer function based on the response of a flat plate is equivalent to following a
quasi-steady theory, which is based on the hypothesis that the only effect of turbulence
added to the incoming flow is a small change in the angle of incidence and magnitude
of the upstream velocity [125]. This corresponds to assuming the surface pressure on
the flat plate to be induced by undistorted large-scale turbulence. Nevertheless, it has
been shown in Section 4.1 that, for both aerofoils, the realistic geometry effects entail
a variation of the turbulent velocity as the stagnation point is approached due to the
blockage caused by the surface (see Fig. 4.1). This variation in the energy content, which
can also be interpreted as an increase in the perturbation amplitude, supports the in-
crease in the low-frequency range observed for upwash-velocity spectra sampled in the
stagnation region, which is related to the distortion of large-scale turbulent structures.
However, the original formulation of the transfer function does not encompass these ef-
fects, explaining the observed overestimation once the altered turbulence spectrum is
used in the prediction. This can be shown by applying the same analytical procedure
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Figure 4.12: Sound power level in the far-field for the (a) NACA 0012 and the (b) NACA 0012-103. Amiet’s
implementation using spectra sampled far upstream @27 yps and in the distorted region of the flow field 05 4is
is compared to the calculation provided by the FWH analogy. The reference power used to calculate the PWL
is10712w.

followed by Amiet but considering a sinusoidal gust u; gis (x1, x3) with amplitude scaled
by a factor A4;5 with respect to the upstream undistorted one vy as input:

ellK1Uoot=x1)=ks x3]

Up dis (X1, x3) = (Adis Uz,0) = Adgis U2 (%1, X3) . (4.3)

In the framework of the quasi-steady theory, this distorted gust is considered to be math-
ematically related to the altered turbulence spectrum that accounts for distortion effects.

Note that the aeroacoustic transfer function terms are not formally affected by the
variation of the gust amplitude. Indeed, as detailed in Subsection 2.1.3, u, (x1, x3) can-
cels out in the calculation of leading-edge term £ (Eq. (2.45)) and the trailing-edge one
% (Eq. (2.46)) by substituting the pressure terms induced by the sinusoidal perturba-
tion (Eq. (2.39) and Eq. (2.40)) in the expression for g (x1, K3, k3) (Eq. (2.44)). This indic-
ates that the intensity of the aerodynamic and acoustic response of the aerofoil depends
on the gust amplitude in Eq. (2.3) and the turbulence spectrum once the formulation
is expressed in statistical quantities. This passage from time and space-dependant ex-
pressions to statistical operators is worth a more detailed analysis. The cross-PSD of the
surface pressure in Eq. (2.7) is indeed retrieved from Eq. (2.6) through

LT R
Sqq (x1,x], x3, X5, 0) = 1;1_1,130?(4\/!7(xl,x‘a;,w)A/vT (x}, x5, 0)), 4.4)

with (-) indicating the expected-value operator and the superscript ' identifying the com-
plex conjugate. At this point, once Eq. (2.6) with the distorted gust as input is substituted
into Eq. (4.4), the only non-deterministic quantity is the Fourier transform of the gust
lig’R,dis (K3, k3). Taking all the other terms out of the expected value yields

2 2 R
(T pais (K1, k3) B ¢ oo (K1, Ks)) = =®ap gis (K1, k3), (4.5)
" s

where the distorted turbulence spectrum used as input in the model appears. Consider-
ing Eq. (4.3) and the linearity of the expected-value operator, which allows the amplitude-
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Figure 4.13: Difference in overall sound pressure level AOASPL and in slope Am of the PWL between the noise
prediction from the FWH analogy and from Amiet’s model using different sampling positions for the turbu-
lence spectrum. These quantities are shown respectively in (a) and (c) for NACA 0012 and in (b) and in (d) for
the NACA 0012-103. For the AOASPL, the observer is placed at R = 1.2m and 0 = 7t/2, with the angular position
computed with respect to the downstream direction. The slope is calculated in the range Sty = 0.4 —2.
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variation factor Agis to be brought outside, it follows that
A2i @22 (K1, k3) = o gis (K1, K3), (4.6)

the expected value of the magnitude squared of ftz, R (K3, k3) being the upstream turbu-
lence spectrum @, (Ky, k). This equation indicates that substituting the undistorted
turbulence spectrum with an altered one to account for the effects of turbulence distor-
tion introduces an increase in the energy content of the turbulence term in input. This
variation is due to the distortion of the energy-containing scales in the stagnation re-
gion and is not encompassed in the original formulation of Amiet’s model, which indeed
overestimates the radiated noise by a constant offset across the entire frequency range
compared to FWH. A modification of the turbulence term without accounting for this
mechanism thus yields a noise prediction corresponding to the interaction of an undis-
torted perturbation featuring increased amplitude with the aerodynamic surface.

The validity of this discussion also holds for the simplified formulation of Amiet’s
model (Eq. (2.13)), implemented in the present study, where 0, (w) and I3 (w) are used
in place of the wavenumber spectrum. Indeed, in the case of large aerofoil spans, it is
shown that

Us
¥, (K7,0) = 7@22 () I3 (w) 4.7)

since the dependency on k3 of both the aeroacoustic transfer function and the wavenum-
ber upwash-velocity spectrum becomes negligible.

Amiet’s analytical procedure can be resumed from Eq. (4.5), which leads to Eq. (2.7).
This relates the cross-PSD of the surface pressure Sgg (xl,xi,n,w) to the wavenumber
spectrum @, (K, ks) via the transfer function g (x;, Kj, k3). Taking into account Eq. (4.6)
and 4.7, through Eq. (2.10) and 2.11, the following formulation for a distortion-corrected
equation of Amiet’s model is derived:

©YPooCMoo

2
L

5 ) = | Lis (%, K1y0)|2922,dis () I3 (W), (4.8)

20, 2

Spp (xlyx2)0yw) = (

with Zy;s indicating the corrected aeroacoustic transfer function defined to account for
the increase of the gust amplitude due to the turbulence distortion at the stagnation
region, whose expression is

1

Lais (x1, K1, k3) = 1 £ (x1,K1,k3) =

dis

L2 4 . 2
= fL/Z Ad_ g(xl,OrKly k?)) e—lwxlyo(Mw—xlla)/cooﬁ dX(). (4.9)
- 1S

Indeed, considering the factor A4;s as a scaling coefficient for the aeroacoustic transfer
function is motivated by the fact that the pressure jump on the aerofoil surface, which
produces the noise radiation, is induced by the altered velocity field in the stagnation
region, as shown in Section 4.2. Therefore, the aerodynamic and acoustic response of the
aerofoil must be scaled in order to correctly encompass the flow-field alteration caused
by the aerofoil geometry. This strategy, which allows the gust amplitude in g (x1, K3, k3) to
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Figure 4.14: Sound pressure level in the far-field calculated for an observer placed at R = 1.2m and 8 = 7t/2, with
the angular position computed with respect to the downstream direction, for the (a) NACA 0012 and the (b)
NACA 0012-103. Amiet’s model implementations using spectra sampled in the distorted region of the flow field
023 4is and the one also with the corrected transfer function Zy;s are compared to the calculation provided by
the FWH analogy. The reference pressure used to calculate the SPL s 2 x 1072 Pa.

be scaled, is consistent with the approach proposed by Christophe [49] and De Santana
et al. [50], which is based on the modification of the von Kd&rman model considering a
different decay slope of the upwash velocity spectrum and imposing the conservation of
the turbulent kinetic energy.

A straightforward approach to model the energy variation with respect to upstream
conditions, owing to the same assumption of large-scale turbulence interacting with the
aerodynamic body, is by using the RDT analytical expressions for the asymptotic case
Ly/a > 1 to evaluate the evolution of the root-mean-square of the velocity components
along the stagnation streamline. The outcome of this quasi-steady calculation reads [45]

— 1
\/u/f:\/u'foo(l——z); (4.10)
(1-3)
\/u_f:\/ugm(l+%). @.11)
(1-2)

The trends of the two velocity components as a function of the characteristic dimension
of the body are valid close to the stagnation point [120]. While the asymptotic analysis
confirms the results discussed in Fig. 4.1, the root-mean-square of the undistorted up-
wash component near the body surface is amplified by a factor 2. Consequently, since
the upwash velocity spectrum is sampled in the immediate vicinity of the surface, the
amplitude-scaling factor A4 is taken equal to 2.

It is important to stress that, in the case of thicker aerodynamic surfaces, the quasi-
steady approach may no longer be representative of the acoustic response of the aerofoil,
leading to deviations of the gust-amplitude variation along the stagnation streamline
from the large-scale behaviour predicted by the linearised theory.




70

4. PHYSICAL ANALYSIS

70

A~ 20

(a)

70

- FWH, solid formulation
----- Amiet’s model, Og gis

— Amiet’s model, O gis, Lais

A 20t ) i
—--FWH, solid formulation

10 p~Amiet’s model, O gis
— Amiet’s model, O gis, Lais

1071
Sty

1(‘)(]

1071
Stt
(b)

1(‘)[)

Figure 4.15: Sound power level in the far-field for the (a) NACA 0012 and the (b) NACA 0012-103. Amiet’s
model implementations using spectra sampled in the distorted region of the flow field @55 4is and the one also
with the corrected transfer function £;s are compared to the calculation provided by the FWH analogy. The
reference power used to calculate the PWL is 10712 W.

4.6. DISTORTION-CORRECTED LEADING-EDGE NOISE PREDIC-
TION

As explained in Section 4.1, the assumption of large-scale turbulence can be considered
valid for the two aerofoils under investigation. This means that the corrected expres-
sion of the model of Eq. (4.8), using the altered aeroacoustic transfer function £g;s and
the turbulence spectrum sampled as close as possible to the leading edge s, can be
applied and used to draw a comparison with the results of the FWH analogy.

The outcomes of the above analysis are shown in terms of SPL, PWL and far-field
noise directivity patterns in Figs. 4.14, 4.15, and 4.16, respectively. For the latter investig-
ation, two different frequency ranges of integration are selected: a low-frequency range
Sty = [0.15,0.35] and a high-frequency one St; = [0.35,1.5], i.e. the part of the spectrum
where the noise levels are correctly estimated by the canonical application of Amiet’s
model and that where they are overestimated because of the wrong prediction of the
spectrum decay slope.

The results of the SPL and the PWL show that this distortion-corrected formulation
of Amiet’s model leads to an overall good agreement with the noise prediction yielded
by the FWH analogy in terms of high-frequency decay slope and noise levels, demon-
strating that the proposed approach correctly encompasses the physical mechanisms
that are responsible for leading-edge noise generation. The necessity to account for a
gust amplitude correction in the aeroacoustic transfer function is also confirmed by the
directivity patterns. Indeed, in the low-frequency range for both aerofoils (Figs. 4.16a
and 4.16b), a constant overestimation is found for the application of Amiet’s model us-
ing only the spectrum sampled close to the stagnation point as input. Also in the high-
frequency range, a similar trend is found for the NACA 0012 and NACA 0012-103, as re-
ported in Figs. 4.16c and 4.16d, respectively. Once the correction of the transfer func-
tion is included in the formulation, a good agreement is obtained with the numerical
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Figure 4.16: Far-field noise directivity patterns in the low-frequency range St; = [0.15,0.35] for the (a) NACA
0012 and (b) NACA 0012-103 and in the high-frequency range St; = [0.35,1.5] for the (c) NACA 0012 and (d)
NACA 0012-103. Amiet’s model implementations using the distorted spectrum as input with and without the
corrected transfer function are compared with the FWH results.
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simulations for both aerofoils in the two considered frequency ranges, although a slight
discrepancy is still present in the range —7t/3 <0 < 7t/3.

The implementation of this correction proves that modifying the term describing the
turbulence characteristics in Amiet’s model allows the distortion effects due to the real-
istic aerofoil geometry to be accounted for in the turbulence term. The physical mod-
elling of the noise generation is thus enhanced without requiring significant modifica-
tions in the analytical formulation of the aerofoil acoustic response, atleast for L;/a > 1.
Indeed, a correct estimation of the noise levels can be achieved through the flat-plate-
based formulation of the aeroacoustic transfer function, which must be scaled accord-
ingly to consider the effects of the altered perturbation, associated in turn with the in-
crease in the energy content of the distorted upwash velocity component in the stagna-
tion region.



ANALYTICAL MODELLING

The key finding from the physical analysis in Chapter 4 is that the influence of realistic
geometries can be effectively captured within Amiet’s model by incorporating a distorted
turbulence spectrum, Oy, gis, evaluated at the stagnation point. This results in accurate
noise predictions for these configurations. However, to make this correction practical,
a procedure is required to calculate such distorted turbulence characteristics from up-
stream, well-known turbulence properties.

Building on this finding, this chapter presents a turbulence-distortion modelling meth-
odology for Amiet’s model enhancement. This methodology accounts for the alteration
of the velocity field at the stagnation point and accounts for the resulting effects on the
aerofoil acoustic response. This approach is based on the use of the asymptotic results
of the RDT to calculate the alteration of the upwash velocity component spectrum and
the variation of the upwash-gust energy starting from upstream flow conditions. The ap-
plication of RDT results for aerofoil configurations has been made possible through the
identification of the geometrical feature affecting turbulence distortion for such geo-
metries presented in Chapter 4. The result is the formulation of a consistent and general
procedure to enhance the noise prediction using only upstream undistorted flow charac-
teristics (integral length scale and turbulence intensity) and the characteristic “distortion
length", eliminating the need to specify a position in the stagnation region for sampling
distorted-turbulence characteristics.

The present analytical study entails three conceptual steps: (i) generalising the phys-
ical insights from Chapter 4 by investigating additional configurations; (ii) formulating
analytical expressions to model the observed behaviour and characterise turbulence in-
teraction with aerofoil geometries; and (iii) incorporating these expressions into a gen-
eral framework, i.e. the proposed turbulence-distortion modelling methodology.

As explained in Chapter 3, this work has been validated through four LBM numerical
simulations of three aerofoils — NACA 0012, NACA 0012-103, and NACA 4412 — inter-
acting with grid-generated turbulence under zero lift and lifting conditions.

73
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5.1. DISTORTION MECHANISM FOR REALISTIC AEROFOIL GEO-
METRIES

The application of the RDT for an aerofoil depends on the identification of the geomet-
rical parameter a with respect to which the scale of the incoming turbulence L; shall be
compared, for which no agreement in the literature has been reached yet. To this aim,
the surface-pressure distribution on the aerofoil leading edge for the numerical config-
urations is investigated to gain knowledge on the geometry effects on turbulence dis-
tortion and noise generation. The analysis builds on the results of Chapter 4, obtained
for symmetrical aerofoils, and extends them to the cambered and loaded geometries ex-
amined in this study. The non-dimensional pressure gradient along the surface and the
root-mean-square of the surface-pressure fluctuations are shown in Fig. 5.1 for the nu-
merical configurations considered. These two quantities have been plotted with respect
to the curvilinear abscissa s, which originates at the trailing edge and is directed from the
upper to the lower side of the aerofoil. The leading edge is localised around s/c =1, de-
pending on the camber and the aerofoil curvature, while the position of the stagnation
point is determined by the flow incidence. In the case of the symmetrical aerofoils at a
zero angle of attack, the leading edge and stagnation point coincide (Figs. 5.1a and 5.1b),
resulting in Sstag = spg. For the NACA 4412 at zero-lift conditions, the stagnation point is
on the upper side of the aerofoil, i.e. sstag < sLg (Fig. 5.1¢), while, at lifting conditions, it
is placed on the lower side, i.e. Sstag > sig (Fig. 5.1d).

For both symmetrical and cambered aerofoils, two peaks of the root-mean-square
of the surface-pressure fluctuations are found in the vicinity of the stagnation point, on
the pressure and the suction side. As expected, the two symmetrical aerofoils feature
symmetric peaks on the two sides, whereas this is not the case for the cambered config-
urations. These peaks are further apart in the case of the NACA 0012-103, which features
a larger leading-edge circle with respect to the baseline NACA 0012. Interestingly, in all
four configurations, surface-pressure fluctuations and pressure gradient reach the max-
imum value almost at the same positions on the pressure and suction sides, with the
latter peaking slightly closer to the stagnation point.

As proposed by Piccolo et al. [126], the results suggest that the increase in unsteady
surface pressure, typically associated with sound generation, may be related to the flow
acceleration due to the pressure gradients caused by the leading-edge curvature. There-
fore, it can be assumed that the acceleration can be responsible for the deformation of
the turbulent structures impinging on the aerofoil. As a consequence, considering a tur-
bulent eddy convected along a streamline curved by the action of the aerofoil on the flow,
the size of the eddy with respect to the space available to accelerate on the pressure and
the suction sides of the aerofoil impacts its deformation during the interaction with the
surface. This “distortion length” can be estimated by considering the length along the
leading edge from the stagnation point to the two positions where the surface-pressure
fluctuations peak on the pressure and suction sides of the aerofoil. A good estimate of
this length can be thus obtained by halving the distance between these two positions.
This parameter, denoted as lgis, is chosen as the geometrical characteristic dimension
a to be used for the application of the RDT in the case of more realistic aerodynamic
surfaces. The corresponding values for the 4 numerical configurations considered are
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Figure 5.1: Distribution of the time-averaged pressure gradient and root-mean-square of the surface-pressure
fluctuations with respect to the curvilinear abscissa s.

reported in Table 5.1.

It is worth now investigating the potential links between the surface-pressure dis-
tribution and the aerofoil geometry to identify a practical criterion to determine Igjs
and hence the parameter a without the knowledge of the flow field. Figure 5.2 shows
the time-averaged surface pressure gradient along s together with the derivative of the
aerofoil-surface curvature. In the case of the symmetrical aerofoils at a zero angle of at-
tack, a correspondence exists between the position where the root-mean-square of the
pressure fluctuations reaches its maximum value, the location where pressure gradient
peaks, and the curvilinear abscissa where the curvature of the aerofoil changes more ab-
ruptly. For both NACA 0012 and NACA 0012-103, the pressure gradient and curvature
derivative peaks occur slightly earlier than the maximum surface pressure fluctuations.
While a similar physical behaviour is observed for the cambered aerofoil, with the surface-
pressure fluctuations peaking alongside the pressure gradient because of the strong curvature
variation, there is no exact correspondence between these peak positions, neither at zero
loading condition (Fig. 5.2c) nor at a small incidence (Fig. 5.2d).

These observations thus identify a relationship between the pressure gradient, which
induces the flow acceleration and the deformation of the turbulent structures, with the
curvature of the flow around the leading edge. In the case of symmetrical thin aero-
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Figure 5.2: Distribution of the aerofoil surface-curvature derivative and the time-averaged pressure gradient
with respect to the curvilinear abscissa s.

foils at zero angle of attack, the flow follows the aerofoil surface, explaining the corres-
pondence between the peaking positions of the curvature derivative and the pressure
gradient. Therefore, a possible way to estimate a knowing only the aerofoil geometry
is by evaluating |d Cs/d s|, for instance using the panel method code XFOIL [127]. This
will be evaluated in Subsection 5.3.2 using XFOIL data to validate the proposed meth-
odology against the experimental data of Chaitanya et al. [34]. Regarding the cambered
aerofoils, while the physical description of the distortion mechanism remains valid, fur-
ther investigations are needed to establish an equivalent procedure for estimating the
reference geometric parameter for RDT applications solely from geometrical and aero-
dynamic data known a priori.

5.2. TURBULENCE-DISTORTION MODELLING FOR LOW-FIDELITY

NOISE-PREDICTION METHODS

The proposed methodology aims to calculate, starting from undistorted turbulence data
at upstream conditions, the alteration of the velocity field and acoustic response in-
duced by turbulence distortion. Referring to Amiet’s formulation for large-span aero-
foils (Eq. (2.13)), this is achieved by modelling the alteration of the turbulence frequency
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lgis=a Li/a
(m) (=)

0012 240x1073 250
0012-103 3.30x107% 1.80
4412, a=a, 2.90x1073 2.00
4412, ¢ =1° 220x1073 2.66

NACA

Table 5.1: “Distortion length" for the 4 aerofoil configurations. The ratio L;/a is reported as well. The RDT
parameter a has been taken equal to lg;s, estimated by halving the distance between the positions where the
root-mean-square of the surface pressure fluctuations peaks on the two sides of the aerofoil.

spectrum 0, and the spanwise coherence length I3 (w) of the upwash velocity compon-
ent, and the aeroacoustic transfer function £.

The corrections, detailed in Subsection 5.2.1, Subsection 5.2.2, and Subsection 5.2.3,
result in the following formulation for a distortion-corrected Amiet’s model to retrieve
the PSD of the far-field acoustic pressure S, (w) at a listener position x = (x1, x2,0):

2
WX2PooCMoo

L
Spp (X1, X%2,0,w) = ( ) 3 | Lais (%, K1,0)|* @22 s (@) I3,mod () - (5.1)

2
200

This corresponds to Eq. (2.13), valid for a listener in the midspan position of the aerofoil.
For a detailed derivation of the expression, the reader is referred to 2.1, where Amiet’s
theory for leading-edge noise is presented.

5.2.1. DISTORTED-TURBULENCE SPECTRUM MODELLING

As explained in Section 2.2, in the asymptotic cases of very large-scale and very small-
scale turbulence, the four partial differential equations derived by Hunt [45] in the RDT
framework to model the distorted field from upstream conditions are simplified into
closed-form analytical expressions.

The semi-analytical method discussed here entails the interpolation of these equa-
tions to retrieve a single expression for @, gis valid on the whole wavenumber range.
This holds true under the assumption L;/a > 1, which justifies the use of the asymptotic
result obtained for large-scale turbulence to model the alteration of the spectrum in the
low-wavenumber range (k — 0). This procedure allows the distorted spectrum near the
stagnation point to be estimated using only the intensity and integral length scale of the
upstream undistorted turbulence as inputs, along with the geometrical characteristic
length of the aerofoil.

ASYMPTOTIC ANALYSES IN THE CASE OF LARGE-SCALE TURBULENCE AND LOW-WAVENUMBER
ALTERATION MODELLING

For large-scale turbulence (L;/a > 1), the asymptotic analysis of Hunt [45] leads to
Eq. (2.90) for the one-dimensional distorted spectrum of the upwash velocity compon-
ent Oy qis along the stagnation streamline. The equation is reported here for conveni-




78 5. ANALYTICAL MODELLING

ence

2

1 *

1+ — ‘ O3 ups (K1)

(1-3)
—_—

A3(x1)

* —
055, dis (K1) =

This expression indicates that the alteration of the velocity spectra consists of an increase
in the upwash velocity component with respect to the upstream undistorted conditions.
A factor /15 (x1), depending on the distance from the stagnation point, is employed to
represent this variation, which is related to the momentum transfer from the streamwise
to the upwash velocity component occurring for large-scale turbulence, as explained by
Hunt [45].

The alteration of the velocity spectra in the low-wavenumber range for an aerofoil
can thus be evaluated by extending the analytical relations derived for the cylinder case.
By replacing x; with a curvilinear abscissa ¢ for the distance along a generically curved
stagnation streamline, it is finally obtained

022 4is (k1) =5 | Onx k), (5.2)
lowk ¢1=0

with 0, yx indicating a canonical von Kdrmdn expression (see Eq. (3.6)) employed to
model the upstream undistorted flow conditions. The alteration in the immediate vicin-
ity of the stagnation point can be described by considering the distance from the stag-
nation point {; — 0, which results in A3 (0) ~ 4.

ASYMPTOTIC ANALYSES IN THE CASE OF SMALL-SCALE TURBULENCE AND HIGH-WAVENUMBER
ALTERATION MODELLING
For small-scale turbulence, Hunt [45] showed that the spectrum of the upwash velocity
component in the immediate vicinity of the stagnation point decays with an exponential
slope according to Eq. (2.95). Note that this equation is non-dimensional and will be
converted to dimensional form by multiplying it by u’lle and by a/L; (see Eq. (2.82)).
Additionally, it is important to highlight that this expression is obtained from Eq. (2.81),
which calculates the spectrum by performing two integrations between —oo and oo of a
double-sided spectrum. Consequently, a factor 8 is necessary for comparison with one-
dimensional single-sided spectra.

In the high-wavenumber range, the alteration of the upwash velocity spectrum in the
case of an aerofoil can hence be modelled through

O2a,ais (k)| 8(uPLy) (alLy) Gy (alLy) ™3 (aky) ™5 e~ 27k, (5.3)

highk

The small-scale turbulence limit formally holds for k; — co. However, considering
that this expression models the attenuation of the upwash velocity fluctuation with re-
spect to upstream undistorted conditions, the proposed semi-analytical method adopts
Eq. (5.3) for k; > kj,cp, with k; cp indicating the intersection with the von Kdrmén spec-
trum describing undistorted turbulence (the subscript CP standing for “crossing point").
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fl,ups fl,dis
NACA Xl,ups  X2,ups X1,dis X2,dis
(m) (m) (m) (m)
0012 1.50 x 1073 0
0012-103 1.50x 1072 0
4412, a = ay 00750 61105 —156x 1070
4412, ¢ =1° 332x107* 4.76x1073

Table 5.2: Cartesian coordinates of the sampling positions of the turbulence characteristics in the undistorted
(¢1,ups) and distorted (¢2,ups) flow-field regions selected to assess turbulence-distortion effects.

MID-WAVENUMBERS INTERPOLATION

Differently from the very large and very small-scale turbulence limit cases, the transition
region before k; cp lacks any empirical or theoretical description providing simplified
analytical relations and can be derived only through the solution of the RDT equations
[45].

In order to finalise the semi-analytical method and provide a continuous piece-wise
spectrum as an output, the distorted spectrum in this wavenumber range has been mod-
elled by merging the analytical equations of the two limit cases. The expression used for
low wavenumbers is considered valid up to k; = k;,cp but it is multiplied by an expo-
nential function, which models the decay in the high-wavenumber range, to obtain a
continuous and gradual transition. The alteration of the upwash velocity spectrum in
the low and the mid-wavenumber region will be thus described by

O22,dis (k1) = B2 gis (k1) .
ow]l

eBhr =22 @k (k) efh, (5.4)
k &1=0

low—midk
with the coefficient B determined by imposing the continuity of the function at k; =
ki,cp.

Finally, the distortion-corrected upwash velocity spectrum yielded by the proposed
semi-analytical method will hence read

AS D) LIZOQZZNK(kl)eBkl; k1 < ki cp

B2 dis (k1) =
8(uLy) Gy (a/Ll)% (a kl)% emzmak k1= ki cp

(5.5)

The expression for @y, g;s is of differentiability class CY, since the derivative is not con-
tinuous at kj cp.

Figure 5.3 shows the validation of the upwash velocity spectra provided by Equa-
tion (5.5) and the numerical ones obtained with PowerFLOW (PF in the plots) in the stag-
nation region. These spectra are displayed as a function of the Strouhal number, St;, cal-
culated using the aerofoil thickness, to be consistent with the investigation of Chaitanya
et al. [34]. Being ¢, the distance from the stagnation point along the stagnation stream-
line, the numerical upwash velocity spectra have been considered far upstream from
the leading edge ({1,ups/c = —0.5) and in the immediate vicinity of the stagnation point
(§1ups/c = —1.5x 107%). The coordinates of these positions are reported in Table 5.2,
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Figure 5.3: Comparison between the upwash velocity component spectra obtained with the semi-analytical
method based on the RDT findings and the turbulence spectra derived numerically.

while the L;/a ratios for the four configurations are reported in Table 5.1 (information
about the integral length scale is reported in 3.2.2). Such position is not required to re-
trieve the semi-analytical spectra, calculated in the limit ; — 0.

With the exception of the mid-frequencies range, the semi-analytical method pro-
posed herein is able to provide a good estimate of the alteration of the upwash velocity
component spectrum using as input only the upstream undisturbed values of the tur-
bulence integral length scale and intensity. The slight discrepancy observed in the low-
frequency range is due to the small flow anisotropy caused by the strong contraction
of the nozzle (see 3.2.2 and Piccolo et al. [126]). This is not taken into account in the
present application of the model, which employs a von Kdrmén expression, valid in the
case of homogeneous isotropic turbulence, to describe upstream flow characteristics. As
a matter of fact, slight anisotropic turbulence conditions in the upstream flow could be
accounted for using ad hoc analytical expressions for the velocity spectrum as input in
the semi-analytical method.

These results prove that this approach represents a viable and efficient tool to model

the alteration of the upwash velocity component spectrum caused by turbulence distor-
tion.
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The semi-analytical method is generalised beyond the narrow range of L;/a con-
sidered by comparing the resulting distorted spectra with those provided by the solu-
tion of the RDT equations. This implementation, based on the work of Zamponi et al.
[82] and validated against experimental data, allows the modelling of the alteration of
the velocity field through Eq. (2.81) for any L;/a ratio using as input only the analytical
expression for a velocity spectrum describing homogeneous isotropic flow conditions.
However, the high computational cost associated with the implementation of this for-
mulation prevents it from being directly used to enhance the low-fidelity prediction.

The comparison between the distorted upwash velocity spectrum obtained through
Eq. (5.5) and using the solution of the RDT equations is reported in Fig. 5.4. The spec-
tra are shown with respect to the wavenumber k. Differently from the proposed semi-
analytical method, solving the RDT equations requires specifying the distance from the
stagnation point. The altered turbulence spectra have been hence calculated at a dis-
tance from the stagnation point equal to &;/a = —2.5 x 1073, while the upwash velocity
spectrum representing upstream undistorted conditions have been calculated imple-
menting RDT equations at ¢;/a = —20. The von Kdrméan spectrum has been included as
a reference for the undistorted turbulence conditions, together with the two curves rep-
resenting the two asymptotic trends describing the alteration of the one-dimensional
velocity spectrum in the low and the high-wavenumber ranges. The validation has been
carried out for a wide range of L;/a > 1, reported in the respective plots. For all the
cases, the large-scale-turbulence asymptotic trend provides a good approximation of the
RDT results up to the non-dimensional wavenumber k; = 1. The high-frequency asymp-
tote overlaps with the spectrum obtained with the solution of the RDT equations for
K1 > K1, cp. A good result is also achieved in the transient region, between 1 < k; <&k, cp.
This represents a further confirmation that the semi-analytical spectrum provided by
Eq. (5.5) represents a valid methodology to effectively model the alteration of the velo-
city field due to the interaction of incoming turbulence with a realistic aerofoil geometry
across a wide range of conditions.

5.2.2. EMPIRICAL MODIFICATION OF THE SPANWISE COHERENCE LENGTH
EQUATION

The spanwise coherence length is introduced in Amiet [16] to model the spanwise char-

acteristics of the incoming turbulent flow. This is obtained in Amiet’s theory as the ratio

between the von Kdrmén expressions of the two-dimensional wavenumber spectrum

W2, (k1, k3) and the single-wavenumber one @,; (k;) of the upwash velocity component,

resulting in

Yoy (k1,0) 8Ly [I'(1/3)]2 ki/ke)?
s (‘“)2”%:?1 [r(s/e) oy ’ (5.6)
22 (k1) OO (34 8(ky/ke)?) \/1+ (k11 ke)?
with k. defined as the wavenumber scale of the largest eddies [108] according to
nl(5/6
e=£ ( ). (5.7
Ly I'(1/3)

Figure 5.5 shows the implementation of Eq. (5.6) together with the spanwise coherence
length calculated numerically for the four analysed configurations far upstream at ¢1,yps/c =
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Figure 5.4: Comparison between the upwash velocity component spectra obtained with the solution of the
RDT equations and the semi-analytical expression of Eq. (5.5) based on the asymptotic results.

-0.5 and in the stagnation region at ¢; g4is/c = —1.5 x 1073, A significant discrepancy is
found in the low-frequency range with respect to Amiet’s analytical expression. Moreover,
turbulence distortion appears to alter the spanwise coherence as well, inducing an evid-
ent increase at low frequencies. This range is associated with the behaviour of large-scale
turbulent structures, suggesting that only the distortion of these scales affects the turbu-
lent field in the spanwise direction.

Turbulence-distortion effects in this direction can be investigated by assessing the
variation along the stagnation streamline of the correlation length ng, relative to the
distribution along the direction x3 of the upwash velocity component u, and represent-
ative of the energy contained at large turbulence scales. Table 5.3 reports the value of
ng sampled at the upstream position and in the proximity of the stagnation point. This
has been calculated using Eq. (3.4). The variation of this parameter, which doubles as
the leading edge is approached for all the four configurations taken into account, con-
firms that the large turbulence scales, as they approach the stagnation region, become
increasingly more coherent in the spanwise direction.

This effect can be accounted for by empirically modifying Eq. (5.6) to include the
correlation length of the upwash velocity component ng rather than the streamwise in-
tegral length scale L;. Indeed, it must be noted that the von Karmdn expressions for
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Figure 5.5: Spanwise coherence length of the upwash velocity component far upstream (¢1,ups/¢ = —0.5) and in

the vicinity (§ gjs/c = —1.5x 1073) of the stagnation point. The numerical calculation is shown together with
the result of the original analytical expression proposed by Amiet (Eq. (5.6)) and the proposed semi-empirical
approach (indicated as “Mod. eq.", Eq. (5.8)).

the one and two-dimensional spectra of the upwash velocity component 0, (k;) and
W2, (k1, k3), from which the equation for the spanwise coherence length is obtained, fea-
ture the streamwise integral length scale L; because they are formulated in the assump-
tion of homogeneous isotropic turbulence. Under this hypothesis, the length scales of
the velocity components are related, meaning that the expressions can be modified to
make explicit the dependency on the correlation length of the upwash velocity compon-
ent L3,. By doing so and by using the local value of L3,, the effects associated with the
alteration of this velocity component can be encompassed. The following expression is

hence obtained:

, o (5.8

1613 2 ok 2
13, mod (@,¢1) = 2; 1) [F(I/?)) ( 1 e,mod)

r©/6) (3+8(K1/kemod)*) v/ 1+ (Kt / Kemoa)”

with the wavenumber non-dimensionalised using ng and the parameter k,, obtained
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L3 L3
NACA 22 Elzfl,ups 22 ‘flzfl,dis
(m) (m)
0012 0.015
0012-103 _3 0.014
412, a=ay X0 0.020
4412, =1° 0.021

Table 5.3: Length scale of the upwash velocity component calculated in the spanwise direction in the undistor-
ted (¢1,ups) and distorted (& gis) flow-field regions selected to assess turbulence-distortion effects for the four
aerofoil configurations.

through Eq. (5.7), modified accordingly through

vt T'(5/6)
L3, &) rarmsy

ke,rnod €1 = (5.9

the subscript 04 standing for “modified".

The spanwise coherence length at the stagnation point will be hence retrieved from
the local value of the correlation length ng, which, following the physical observations
for the four aerofoil configurations, can be expressed as twice the value measured far up-
stream. This allows distortion effects on the spanwise coherence length to be predicted
in terms of the upstream undistorted flow conditions.

The implementation of the physics-based correction for the spanwise coherence length
(Eq. (5.8)) is reported in Fig. 5.5 for the four aerofoil configurations. For the two symmet-
rical aerofoils, acceptable results are obtained in the modelling of the spanwise coher-
ence length through Eq. (5.8) for both the undistorted and distorted cases. As in the case
of the upwash velocity spectra, the slight turbulence anisotropy is supposed to affect the
accuracy of the modelling in the low-frequency range. For the NACA 4412, instead, a less
convincing agreement is obtained to model the altered spanwise coherence length close
to the leading edge, meaning that further investigations are still required to propose a
more effective and general modification for these configurations.

5.2.3. TURBULENCE-DISTORTION EFFECTS ON THE AEROACOUSTIC TRANS-
FER FUNCTION

The effects of turbulence distortion on the acoustic response have been widely explained

in Section 4.5, both from a physical and a modelling perspective. For completeness,

the modelling perspective is briefly revisited here to integrate the modification of the

aeroacoustic transfer function into the broader analytical framework presented in this

chapter.

Referring to the overview of the theory in 2.1.1, Amiet models the aerofoil acous-
tic response by calculating the pressure jump on a flat plate using a quasi-steady the-
ory. This approach, which models turbulence-related effects as variations in free-stream
velocity and incidence, is valid for large-scale structures interacting with an infinitely
thin aerodynamic surface. As a result, surface-pressure distribution and noise scattering
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are assumed to be generated by large-scale undistorted turbulence. However, the RDT
demonstrates that large-scale turbulence is actually distorted because of the presence of
the aerofoil, with the resulting alteration of the velocity field consisting of a decrease of
the streamwise velocity component fluctuations and an increase of the upwash velocity
component fluctuations [45]. This variation can be modelled through asymptotic rela-
tions, as proposed in Subsection 5.2.1, which the present methodology thus employs to
capture this effect. In the limit case L;/a > 1, starting from Eq. (2.94) and expressing the
velocity tensor through Eq. (2.89), the following expressions are obtained for the root-
mean-square of the velocity components as a function of the distance from the leading
edge along the stagnation streamline

— — 1
ullz = u,lzups [1 - —2]
B TR
— [—— 1
u/22 = uéz,ups [1 + ﬁ] (510b)
1-3)
—_—
A2 (x1)

uZ =\JuZ, .. (5.100)

The function A, (x;) in Eq. (5.10b) has been introduced to describe the variation with
respect to upstream conditions of the upwash velocity component. This same distor-
tion mechanism is causing the alteration of the velocity spectra in the low-wavenumber
range, detailed in Subsection 5.2.1 and modelled through Eq. (2.90), which indeed fea-
tures the function A, (x;) squared. Note that this factor corresponds to the same Aqjs
introduced in the physical analysis of the same mechanism carried out in Section 4.5.
Consequently, it has been proven that a higher-energy turbulence input is taken into
account once an altered upwash velocity component spectrum is used in Amiet’s ex-
pression to enhance the modelling of the velocity field in the case of realistic aerofoil
geometries. This implies that the transfer function relating the surface-pressure jump to
the incoming gust should be scaled accordingly, as explained in Section 4.5.

This approach marks a significant difference from the procedures currently available
in the literature, which model the alteration of the velocity spectrum by imposing the
conservation of the variance with respect to upstream conditions [49, 50]. Not only is
this assumption proven to be physically inaccurate by the results presented herein, but
it also produces an incorrect description of the alteration of the velocity field in the low-
wavenumber range, associated with the distortion of the large energy-containing eddies.
Additionally, it must be kept into account that the unsteady surface loading and, hence,
the sound scattering are induced by this higher-energy altered velocity field in the stag-
nation region [36, 37]. Requiring the altered velocity field to be characterised by the same
energy content as the upstream undistorted conditions thus results in a poor represent-
ation of the noise-generation mechanisms.

A distortion-corrected aeroacoustic transfer function Zyis can be formulated using
the factor A, (£;) in the limit {; — 0 to account for the increase of the gust amplitude
with respect to the upstream conditions. The following expression is hence obtained

(5.10a)
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from Eq. (2.12):

£ (x1,K1,k3) =
/12(51)) §1=0 (1, K1, Ks)

L12 1
f—L/z (12 (51))

with xg = (x1,0, X2,0, X3,0) indicating the coordinates of a point on the aerofoil platform
area. The reader can refer to Subsection 2.1.1 for the derivation of the expression.

Lais (x1, K1, k3) = (

g (x1,0,K1,k3) e710X1.0 (Moo= 1/0) oo dxi0, (5.11)

§1=0

5.3. APPLICATION OF THE TURBULENCE-DISTORTION MODEL-

LING METHODOLOGY TO AMIET’S MODEL

5.3.1. VALIDATION WITH NUMERICAL DATA

The accuracy of the proposed methodology for correcting Amiet’s model has been as-
sessed by comparing the prediction with the far-field noise provided by the solid formu-
lation of the FWH analogy in terms of SPL and far-field noise directivity patterns.

Figure 5.6 reports the SPL for an observer at 1.2m from the leading edge and at an
angular position of 8 = 7t/2 with respect to the direction of the aerofoil chord. For all
aerofoil configurations, the distortion-corrected Amiet’s model shows excellent agree-
ment with the noise calculated using the solid formulation of the FWH analogy. The
semi-analytical method is able to correctly model the decay of the noise spectrum in
the high-frequency range, related to the alteration of the vorticity field characterising
the distortion of small-scale structures. An underestimation of less than 5dB can be ob-
served in the low-frequency range (up to St; = 0.2) for Amiet’s model with respect to the
FWH results. This is due to the fact that the RDT results, upon which the semi-analytical
method is based, are obtained in the assumption of homogeneous and isotropic up-
stream turbulence and do not take into account the small anisotropy observed for the
upwash velocity component spectrum at the exit of the nozzle (see 3.2.3). The discrep-
ancy in this frequency range could be reduced by refining the modification of the span-
wise coherence length, as it has a slight effect on the noise levels at low frequencies.

The analysis of the far-field noise directivity patterns has been carried out consid-
ering the frequency range where leading-edge noise dominates, St; = [0.15,1.5]. This
corresponds to frequencies ranging from 500 Hz to 5kHz. The comparison between the
FWH results and the noise prediction provided by the semi-analytical method is repor-
ted in Fig. 5.7, where the OASPL is shown. An excellent agreement with FWH can be
observed in the four cases at all angular positions, with the exception of a slight over-
estimation in the angular ranges —n/3 < 8 < 0 and 0 < 8 < /3. In this case, the polar
coordinates are referred to the direction of the aerofoil chord in order to account for the
fact that the cambered aerofoil is at a # 0.

5.3.2. FURTHER VALIDATION WITH EXPERIMENTAL DATA

The robustness of the proposed methodology has been further evaluated against exper-
imental data of four symmetrical aerofoils (NACA 0006, NACA 0009, NACA 0012, and
NACA 0018) at different free-stream velocities (U1 = 40ms™!, Uy = 60ms™!, and
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Figure 5.6: Sound pressure level calculated with Amiet’s model corrected using the turbulence-distortion mod-
elling methodology compared to that calculated with the FWH analogy. The listener position is right above the
leading edge (R = 1.2m, 6 = n/2 with respect to the aerofoil chord direction), while the reference pressure to
calculate the SPL is 2 x 1075 Pa.

Uso,3 = 80ms™!) investigated by Chaitanya et al. [34]. Data for a flat plate at the same
free-stream velocities, also reported by Chaitanya et al. [34], have been used as a refer-
ence to compute the relative SPL.

The methodology has been implemented taking as input the turbulence character-
istics obtained experimentally (L; = 0.0075m, Tup = 2.5%), while the distortion length
has been computed using XFOIL. In particular, as proposed in Section 5.1, the RDT para-
meter a for the application of the proposed approach has been taken equal to the dis-
tance between the peaks of the curvature derivative l4;5, which coincides with the dis-
tance between the maximum values of the pressure gradient. These values are reported
in Table 5.4 together with the leading-edge radius, provided as a reference. Notably, the
latter parameter closely approximates the distortion length, but this relationship holds
only for smaller thicknesses and leading-edge radii. As these parameters increase, the
distortion length diverges from the leading-edge radius, as observed in the NACA 0018
and previously in the NACA 0012-103. This indicates that ;g is not the geometrical char-
acteristic directly influencing turbulence distortion.
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Figure 5.7: Far-field noise directivity patterns in the frequency range Sty = [0.15,1.5]. The corrected Amiet’s
model implementations are compared with the FWH results.
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NACA Mg Astp Ang lgs=a L
ds ds

(m) (m) (m) [-]
0006 5.95x107% 6.32x107* 5.68 x 1074 11.87
0009 1.34x107% 1.19x1073 1.18x 1073 6.25
0012 2.38x107% 2.48x1073 2.48 x 1073 3.16
0018 5.36x1073 5.49x1073 5.69 x 1073 1.37

Table 5.4: Comparison of the geometrical and mean-flow characteristics obtained using XFOIL for the four
NACA aerofoils considered to validate experimentally the semi-analytical method.
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Figure 5.8: Sound pressure level calculated with Amiet’s model corrected using the turbulence-distortion mod-
elling methodology compared with experimental data from Chaitanya et al. [34] at different free-stream velo-
cities. Amiet’s model correction has been implemented using experimental turbulence characteristics and
XFOIL data as input. The listener position is right above the leading edge (R = 1.2m, 6 = n/2), while the refer-
ence pressure to calculate the SPL is 2 x 107 Pa.

The comparison between the measured and predicted SPL above the leading edge
(R =1.2m, 6 = n/2) is shown in Fig. 5.8, while Fig. 5.9 reports the relative SPL (ASPL)
with respect to that radiated by a flat plate. It is important to note that, in the case
of the flat plate, the proposed corrected Amiet’s model reduces to the canonical for-
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Figure 5.9: Difference in sound pressure level between the four aerofoils and a flat plate, calculated using
Amiet’s model corrected using the turbulence-distortion modelling methodology and compared with exper-
imental data from Chaitanya et al. [34] at different free-stream velocities (refer to Fig. 5.8 for legend details).
The listener position is right above the leading edge (R=1.2m, 0 = r/2).

mulation. A very good agreement is observed for all aerofoil configurations and free-
stream velocities considered, in the frequency range where leading-edge noise domin-
ates (St; = [0.15,1.5]). For the NACA 0018, for which the application of the methodology
is expected to lose validity (L;/a = 1, see Table 5.4), the agreement is still acceptable -
the slope in the frequency range of interest is accurately captured - but not equally sat-
isfactory. However, it is worth noting that the frequency range where leading-edge noise
prevails is particularly narrow for this aerofoil due to the early onset of self-noise, as ex-
plained by Chaitanya et al. [34]. This characteristic complicates the comparison in this
specific case.

This analysis demonstrates that the methodology proposed here is reliable across a
wide range of aerofoil thicknesses, leading-edge radii, and free-stream velocities. This
also applies in cases where the aerofoil introduces non-negligible disturbances, such
as those associated with significant thickness or camber. Nevertheless, in these cases,
additional analyses are still required to estimate the distortion length, related to the dis-
tribution of surface-pressure fluctuations, from geometric and mean-flow properties.



CHARACTERISATION AND
MODELLING OF ROTOR INFLOW
CONDITIONS

This chapter responds to the need identified in Chapter 1 to advance the state-of-the-art
in low-fidelity modelling of turbulence-ingestion noise by enhancing the characterisa-
tion of inflow characteristics. This is achieved by proposing a modification to Amiet’s
model that allows pointwise flow measurements with local velocity information to be
used as input. Indeed, the canonical formulation of Amiet’s model relies on a three-
dimensional turbulence input, which is notably difficult to measure and compute, both
experimentally and numerically. Glegg et al. [128, 129] introduced a time-domain ap-
proach - not based on Amiet’s theory - to pursue the same goal, but the model still re-
quires measuring the four-dimensional velocity correlation function in the rotor plane,
which is not always feasible. Similar limitation affect the prediction method developed
by Brooks and Burley [130] for blade-wake interaction (BWI) noise, which is based on the
measured leading-edge surface pressures as input. By retaining Amiet’s frequency-based
framework and reducing the three-dimensional turbulence input to a one-dimensional
form, this study enables the use of hot-wire measurements as input in experimental con-
figurations or pointwise acquisitions in numerical simulations. This formulation makes
the model a simple yet effective hybrid tool for estimating acoustic performance and
assessing inflow effects in complex configurations where sophisticated measurements
are impractical and inflow modelling is unavailable. Additionally, it enables the applic-
ation of turbulence-distortion models developed for rectilinear motion to rotors, such
as the one presented in 5, potentially improving predictions in configurations where the
distortion due to leading-edge bluntness is significant.

The analytical modification to Amiet’s model for turbulence-ingestion noise predic-
tion in rotors is presented in 6.1 and validated in 6.2 with the results of the experimental
campaign of the two-bladed propeller detailed in Chapter 3. The proposed methodology
is finally applied using hot-wire measurements as in Section 6.3.

91
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strips

Figure 6.1: Sketch of the application of the inverse strip theory approach for the calculation of the blade in-
stantaneous sound emission.

6.1. ANALYTICAL FORMULATION OF AMIET’S MODEL MODIFIC-

ATION

The modification of Amiet’s model proposed in the present study consists in converting
the three-dimensional spectrum @33 (Kl, KZ,KBE")) in Eq. (2.33) into a one-dimensional
one O33 (Kj). This is achieved by applying a strip-theory approach [131], which models
the noise produced by a blade of span L as the summation of the noise contributions
generated by M narrow spanwise portions of the blade, referred to as strips. The present
procedure implements the theory in its inverse formulation, as done by Kiiciikcoskun
[132], in which the noise emitted by a blade strip is calculated as the difference of the
sound produced by two very large-span blades whose difference in width is equal to
the strip width L/M itself, as shown in the conceptual sketch of the inverse strip the-
ory approach reported in Fig. 6.1. For the present case, this is expressed considering
S;, P (xB, wo, y) as the noise emitted by the strip m, which is therefore obtained through

N
with Ly — L, =L/M and Ly, L, — co.
The overall noise produced is hence computed by applying Amiet’s model M times,
one for each blade considering local inflow conditions. By using Egs. (2.29) and (2.33),
all the contributions are summed through

) (6.1)

m

Sy bxn,00.7)| = (s;,,, (. 007)], = Sy (x8,00,7)

M
Spp XB,wo) =B ) Spp (Xg,w0) | , (6.2)
m=1 m

with B indicating the number of blades. The application of the inverse strip theory does
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not involve any assumption or modification of the turbulence term: the analytical spec-
trum selected to describe the inflow will be scaled through the local turbulence charac-
teristics regardless of its form.

The substitution of ®33(K7, K>, Ké")) with ©33(K7) in Eq. (2.33) can be carried out con-
sidering the work of Wilson [133], who calculated the three-dimensional correlations
and spectral functions in the case of homogeneous isotropic turbulence. Indeed, con-
sidering a generic three-dimensional reference system x;, x,, and x3 with corresponding
wavenumbers ki, k2, and k3, the three-dimensional turbulence spectrum of the u3 velo-
city component @33 (k;, k2, k3) is obtained as the Fourier transform with respect to k3 of
the two-dimensional cross-spectrum Rss (k1, k2; x3)

1 +00 .
D33 (k1, k2, k3) = —27_(_[ Ra3 (ky, k; x3) e ks d s, (6.3)
—00

Starting from the analytical expression of @33 valid in the case of homogeneous isotropic
turbulence, Wilson [133] explicitly calculated Rs3 (k1, k2; x3) as
e

Rag (ky, ka; x3) =
T2V (v) (1+ k213

w2 Byia (), (6.4)

with kfl =ki+k2, (5= (x3/L3)/1+ kfng, %+ being the Bessel’s function of the second
kind of order v + 2. and v setting the generic power law dependence in the inertial sub-
range.

For x3 = 0, R33 (k1, k2; x3) can be seen as the two-dimensional wavenumber spectrum
W33 (k1, k2), and Eq. (6.4) simplifies into

21274
v(v+1)uj k;. Ls

VY33 (k1, k2) =
m(1+ k7 L5

. (6.5)
)V+2

Using Eq. (6.5), Eq. (6.4) can be rewritten as

+2
1 ¢

viv+1)2VHir(v)

Rs33 (k1, ko; x3) = By o (Ch)] W33 (k1, k2) = A(ky, ko; x3) W33 (k1, k2),

(6.6)
with the auxiliary function A (k;, k»; x3) introduced to indicate the terms in square brack-
ets.

This relationship between the two-dimensional cross-spectrum and the two-dimensional
wavenumber spectrum (Eqg. (6.6)) can be used to modify the turbulence term of Eq. (2.33).
Indeed, it is possible to write

() — = L[ () amix WK )

B33 (KI,KZ,K3 ) = F {Ra3 (K1, Ko; 27} = ZJ Rss (Kl,Kz,X3 )e K" ard,
® 6.7)
with Xé”) indicating a fictitious spatial coordinate corresponding to the wavenumber
KSE”) and & representing the Fourier transform operator. By applying Eq. (6.6) to the
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present case, and moving the two-dimensional wavenumber spectrum outside the Four-
ier transform operator, it follows that

P33 (Kl,Kz,Kén)) =F {A(KI’KZ;X::E”)) Y33 (Kl,Kz)} = Y33 (K1, K2) A(Kl,Kz,Kén)), (6.8)

with A indicating the auxiliary function allowing the conversion of the turbulence term
from three-dimensional to two-dimensional and A its Fourier transform. However, rather
than performing the Fourier transform of A, A can be conveniently obtained as

P33 (Kl, Ka, Kém)

, (6.9)
W33 (K1, K?)

A(Kl,KZ,Ké")) -
considering that, under the assumption of homogeneous isotropic turbulence, analyt-
ical expressions exist for @33 and ¥33. Since any axial dependence has now been re-
moved from the turbulence velocity spectrum, the auxiliary function A (Kl Ko, Ké”)) can
be defined as axial correlation length.

Owing to von Karmdan’s assumptions and framework for homogeneous isotropic tur-
bulence [134], v is finally considered equal to 1/3, resulting in Kolmogorov’s —5/3 power
law, and the three-wavenumber spectrum of the upwash velocity component with re-
spect to the blade, i.e. corresponding to the axial velocity component in the present ref-
erence frame, reads

E (k) k3
D33 (ky, ky, k3) = -2, 6.10
33 (K1, k2, k3) P 2 (6.10)
with o
55 I'(5/6) Uy k

E(k) =

= 6.11
9y I (1/3) ke ©.11)

2%
k
1+(k_e)]

The expression of the two-wavenumber spectrum of the same velocity component is

then
_ V2 (k)2
VTP () + (%)
33 (k1, k2) = 9 K2 7 (6.12)
e 1+(ﬁ)2+(ﬁ)2]3
ke ke
leading to the following expression for A (Kl, K, Ké")):
( ,}2)%
~ 1+
A(KI,KZ,Ks(”))z(§5 — (6.13)
167 (11 k2)®

The last step consists of turning the two-dimensional wavenumber spectrum ¥33
into the product of a one-dimensional spectrum @33 and another auxiliary function. As
shown in Chapter 2, this has been done by Amiet [16] for his formulation for an aerofoil
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in rectilinear motion under the assumption of large span. This is a reasonable assump-
tion considering that the inverse approach of the strip theory considers the sound as
produced by an aerofoil of infinite span. It is hence possible to write

1
V33 (K1, Kp) = %@33 (K1) L (K3), (6.14)

with I, (K7) being the spanwise coherence length of the upwash velocity component, for
which Amiet [16] proposes the following expression

2 2
8L3 [F(1/3) 3 (6.15)

L (Ky)=— .
OB (348k2) 1+ K2

3
This formulation, which incorporates the one-dimensional turbulence term and the span-
wise coherence length, is valid for a listener positioned in the midspan plane of a blade
in rectilinear motion. However, as will be shown in Section 6.2, this modification does
not impact the accuracy of noise directivity compared to the canonical implementation
of Amiet’s model.

The introduction of the axial correlation length A (K1 LK, Ké")) and the spanwise co-
herence length I, (K;) allows hence the turbulence term to be expressed in terms of the
one-dimensional spectrum 033 (K), finally converting Eq. (2.33) (applied to the m-th
strip) into

Spp (K5, 08,7)| = GIL (K1, Ko, M)

1

—033(K1) I (K1))

s
o 2
Y Ak Ko K )—Z—. (6.16)
n==oo ()" uXs

The one-dimensional spectrum can be modeled using a von Kdrmén spectrum

2 TG/6) U2 3+8(Ki/ke)?

B33 (Ky) = ,
33 (K1) 27T L (713) ke [1+(K1/ke)2]%

(6.17)

with k, = /7/L3I" (5/6) /T (1/3). This implementation, whose validation is presented in
Section 6.2, only requires the knowledge of the turbulence intensity, free-stream velocity,
and integral length scale. Alternatively, it is possible to use a direct probe measurement
in the frequency domain as input, such as that obtained by means of HWA, as in Sec-
tion 6.3.

6.2. VALIDATION WITH EXPERIMENTAL DATA

The proposed modification is validated using acoustic measurements from the exper-
imental set-up featuring the two-bladed propeller interacting with grid-generated tur-
bulence (detailed in Chapter 3). Amiet’s model has been applied using the radial dis-
tribution of flow characteristics sampled far upstream at the nozzle exit in the config-
uration without the propeller (see Section 3.3). Comparisons between the predictions
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Figure 6.2: Sound pressure level predicted by Amiet’s model with 3D and 1D turbulence input compared to
experimental measurements with turbulent and clean inflow at the three rotational speeds and at two different
microphone positions. The reference pressure used to calculate the SPLis 2 x 107> Pa.
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Figure 6.3: Overall sound pressure level predicted by Amiet’s model with 3D and 1D turbulence for the angular
range 0 = [7t/6,57/6] at 4000 RPM, 6000 RPM, and 8000 RPM. The reference pressure used to calculate the SPL
is2x 107°Pa.

and the measurements are reported in terms of SPL in Fig. 6.2 for 4000 RPM, 6000RPM,
and 8000RPM, respectively. For each case, the experimental measurements with both
turbulent and clean inflow are presented, with listener positions considered at 7t/3 and
137t/18. Background noise, omitted from the figures for clarity, was verified to be well
belo the propeller noise levels in both inflow cases.

Amiet’s model has been implemented in two formulations featuring the three-dimensional

turbulence spectrum @33 and the one-dimensional one @33. These have been modeled
using the von Kdrmdn expressions given in Eq. (6.10) and Eq. (6.17), respectively. Both
have been applied with the inverse strip theory approach, retaining the B2B correlation
modelling. This comparison allows possible effects resulting from the modification of
the turbulence term to be identified.

Turbulence-ingestion noise dominates the sound spectra in the low- and mid-frequency

range, approximately up to the 20-th - 30-th BPF [135], as can be seen from the cases at
4000RPM and 6000RPM with respect to the clean inflow configuration. At higher fre-
quencies, up to the 100-th BPE the spectra feature a clear bump with tones concentrated
between the 40-th and the 70-th BPE These are clearly caused by the propeller motor, as
indicated in the plots with an arrow, while the bump can likely be attributed to the blade
self-noise and laminar separation [136, 137]. The bump in the high-frequency range can
hardly be recognised for the case at 8000 RPM, as the noise levels related to turbulence-
ingestion noise increase significantly in this rotation regime.

In general, the acoustic spectra exhibit clear signs of reflections, most likely originat-
ing from the nozzle, nacelle, or support rig. These reflections primarily affect the high-
frequency range beyond the 10-th BPE introducing “saw-tooth" peaks in the spectra.
These peaks, particularly evident for the listener position at 7t/3 and marked in the plots
with an arrow, should not be confused with the haystacking features in the low- and mid-
frequency ranges. Indeed, here the far-field acoustic spectra exhibit distinct broadband
characteristics along with quasi-tonal peaks resulting from B2B correlation. As expected,
the prominence of these narrow peaks and the frequency range over which they appear
increase with rotational speed. This occurs because, at higher speeds, turbulent eddies
are more likely to be chopped by multiple blades.

Regarding the low-fidelity prediction, the two formulations of Amiet’s model retrieve
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Figure 6.4: Radial distributions far upstream at x3/R = 1.000 and near the rotor plane at x3/R = 0.050 (in the
filtered and non-filtered cases) for the (a) time average and (B) root-mean-square of the axial velocity compon-
ent measured using HWA.

nearly identical results at 4000 RPM, 6000 RPM and 8000 RPM. Only a slight difference,
seemingly proportional to the rotational speed, becomes noticeable at frequencies above
the 10-th BPE Specifically, the curve corresponding to the original implementation of
Amiet’s model with the three-dimensional turbulence spectrum lies slightly below that
of the modified approach using the one-dimensional spectrum. The match between
the two formulations is confirmed by the directivity plots in Fig. 6.3. These show the
OASPL calculated in the frequency range where turbulence-ingestion noise dominates
(f = [0.1BPF — 30BPF]). Experimental measurements have not been included, as micro-
phone data is dominated by other flow-induced noise sources in the angular range where
turbulence-ingestion noise directivity decreases. As a result, these additional noise con-
tributions would hinder a meaningful comparison.

The exact agreement between Amiet’s model in its original formulation with the three-
dimensional spectrum and the modified approach using a one-dimensional turbulence
input serves as a validation of the proposed methodology. At the same time, both predic-
tions closely match the experimental SPL, accurately capturing both the broadband and
quasi-tonal components within the low-fidelity framework. The tonal peaks at BPF har-
monics are not captured as the turbulence input term in Amiet’s model does not include
the description of this contribution.

6.3. APPLICATION OF THE METHODOLOGY WITH HOT-WIRE MEAS-

UREMENTS AS INPUT

The formulation with the one-dimensional turbulence term is applied for the case at
6000 RPM using the velocity frequency spectra obtained from the HWA measurements
as input. The probe specifically measures velocity fluctuations in the axial direction, as
explained in Section 3.3, which corresponds to the upwash component relative to the
rotor plane. This velocity component is responsible for inducing the unsteady loading
on the blades, meaning that this measurement can be rightfully used as input in the
low-fidelity model.
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Figure 6.5: Frequency spectra of the inflow velocity at the radial positions (a) x2/R = 0.500, and (B) x2/R =
1.000. The spectra sampled far upstream at x3/R = 1.000 and near the rotor plane at x3/R = 0.050 (in the
filtered and non-filtered cases) are compared with the altered spectrum modelled by the RDT from upstream
flow conditions.

6.3.1. TURBULENT INFLOW CHARACTERIZATION

Figure 6.4 presents the radial distributions of the time-averaged velocity and the root-
mean-square of the velocity component measured with HWA. The distributions sampled
far upstream at x3/R = 1.000 (indicated in the figure with “upstream") are compared to
those measured near the rotor plane at x3/R = 0.050 (indicated with “downstream"). For
the latter, the root-mean-square is reported both for the original signal and after filtering
out tonal components caused by blade passage. The filtering is performed using an in-
house peak detection algorithm applied to the PSDs of the HWA signals.

While the time-averaged velocity increases relative to upstream conditions, the re-
moval of tonal components reveals a slight decrease in axial velocity fluctuations com-
pared to upstream conditions. This effect is due to the streamtube contraction, which, as
it stretches the turbulent structures in the streamwise direction, causes a simultaneous
reduction in the streamwise velocity fluctuation, similar to what occurs in the conver-
gent section of a wind tunnel [22, 47].

Figure 6.5 compares the HWA velocity spectra for the 2 sampling positions along the
axial direction and for 2 different radial positions, x»/R = 0.500 and x,/R = 1.000. The
plot also presents the filtered HWA velocity spectra sampled at the rotor plane, with the
tones removed.

The HWA spectra sampled close to the rotor plane present lower levels in the low-
frequency range (approximately up to f/BPF = 0.6). This is especially evident at the
central radial locations, whereas positions near the rotor axis and towards the blade tip
exhibit upstream and downstream spectra that almost perfectly overlap. This behaviour
is attributed to the reduction in streamwise velocity fluctuations due to streamtube con-
traction, as observed in the root-mean-square variation. This variation can be calcu-
lated from upstream conditions using RDT, as done by Majumdar and Peake [70] and
Simonich et al. [67]. An implementation of Goldstein’s formulation [71] has been imple-
mented here following the approach of Glegg and Devenport [138] for the axysimmet-
ric contraction, with the predicted altered spectra reported in Fig. 6.5 together with the
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Figure 6.6: Sound pressure level predicted by Amiet’s model applied using HWA spectra sampled far up-
stream (x3/R = 1.000) and near the rotor plane (x3/R = 0.050) compared to experimental measurements at
0 = 6000RPM for (a) 8 = 7t/3 (microphone 1) and (B) 8 = 137t/18 (microphone 8). The comparison includes
the prediction using the altered velocity spectrum from the RDT as input. The reference pressure used to cal-
culate the SPL is 2 x 1072 Pa.

HWA ones. Good agreement is observed between the RDT results and the experimental
measurements at x3/R = 0.050, demonstrating how simple pointwise measurements can
effectively describe the inflow conditions and their alteration. The impact of this altera-
tion will become evident in the application of the modified Amiet’'s model using directly
probe measurements as input.

6.3.2. NOISE PREDICTION

To correctly incorporate HWA measurements into the low-fidelity model, an appropriate
conversion into a spatial wavenumber spectrum is required. This conversion relies on
Taylor’s hypothesis, which considers frozen turbulence, as also assumed by Amiet [16,
73]. By assuming the convective velocity to be equal to the inflow velocity Uy, the spec-
trum B33 (K;) used in Amiet’s model can be derived from the experimental frequency
spectrum through

Uso
B33 (K1) = g@se» (f)‘ (6.18)

HW

The advantage of using pointwise flow measurements as input is assessed by com-
paring the predictions obtained with the spectra sampled far upstream (x3/R = 1.000)
and very close to the rotor plane (x3/R = 0.050), shown in Fig. 6.6. The modified Amiet’s
model has been implemented using the respective radial distributions of the time-average
and root-mean-square of the axial velocity component shown in Fig. 6.4. The plot com-
pares the low-fidelity predictions with the experimental acoustic measurements at the
angular positions 8 = 7t/3, and 6 = 137t/18. An accurate result is obtained using the HWA
frequency spectra as input on the whole frequency range where turbulence-ingestion
noise dominates, proving the validity of the proposed approach.

As expected, the alteration undergone by turbulence as it approaches the rotor due
to the streamtube contraction leads to different results in the prediction. The imple-
mentation of Amiet’s model with the velocity spectrum sampled far upstream yields
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a slight overprediction in the low-frequency range. In contrast, the velocity spectrum
sampled near the rotor plane leads to a more accurate prediction in this frequency range.
Such an effect plays a significant role in cases for which the variation of section of the
streamtube is particularly pronounced, as in hovering conditions or high-speed rotation
regimes. Figure 6.6 also shows Amiet’s model implemented with the distorted spectrum
obtained through RDT, which closely matches the prediction obtained using the down-
stream HWA spectra as input. This analysis demonstrates how the modified Amiet’s
model can be used to evaluate the impact of the inflow conditions on the acoustic spec-
tra through direct HWA measurements.







CONCLUSIONS AND FUTURE
WORKS

This research study has provided a comprehensive physical and analytical characterisa-
tion of turbulence-distortion effects to improve the low-fidelity prediction of turbulence-
interaction noise. The conclusions of this work are presented below and are organ-
ised into two parts: the first provides a summary of the main findings of each chapter
of the manuscript, which mirrors the conceptual structure of the project described in
Chapter 1, with the most important takeaway explicitly highlighted; the second reports
open questions and proposes directions for future research and development.

7.1. OVERVIEW AND DISCUSSION

1. PHYSICAL ANALYSIS: description of turbulence distortion mechanism in the case
of aerofoil of non-negligible thickness and assessment of the impact on noise
generation and prediction.

Turbulence distortion, related to aerofoil bluntness, causes an alteration of the velo-
city field in the stagnation region, which affects unsteady surface pressure and noise
generation.

A physical investigation of leading-edge noise generation for aerofoil geometries
has been carried out numerically to enhance the accuracy of low-fidelity methods.
The characteristics of turbulence distortion have been analysed with a focus on the
aerofoil-geometry effects.

The analysis has shown that, as the leading edge is approached, the progressive al-
teration of the velocity field results in an exponential decay of the upwash velocity
spectrum at the stagnation point in the high-frequency range. This exponential
decay, consistent with the analytical findings of the RDT linearised theory of Hunt
[45], also characterises the high-frequency behaviour of surface-pressure spectra
near the stagnation point, suggesting that noise is produced by a pressure distri-
bution induced by the distorted velocity field in the vicinity of the leading edge.
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Noise-generation efficiency, quantified in terms of surface-pressure fluctuations,
has been shown to be related to aerofoil curvature by means of the intensity of
the pressure gradient along the leading edge. Indeed, the arc length lg;s extending
from the stagnation point to the position of maximum curvature variation, which
corresponds to the space available for the turbulent structures to accelerate along
the aerofoil leading edge, is found to be the geometrical parameter dictating the
turbulence-distortion mechanism. This finding legitimates the extension of the
results of the RDT to aerofoil geometries. In addition, this approach defines a shift
in perspective for determining the reference geometric parameter for turbulence
distortion. This should be regarded not as a measure of obstacle dimensions, such
as the thickness or leading-edge radius proposed so fa, but rather as a parameter
related to flow acceleration and streamline deflection, in line with the concept of
drift used by Lighthill [83], Hunt [45], and Goldstein [71].

The effects of turbulence distortion on the noise prediction are assessed by using
as input in Amiet’s model an upwash velocity spectrum acquired very close to the
stagnation point and by accounting for the gust-amplitude variation with respect
to upstream undistorted conditions in the aeroacoustic transfer function. Such a
deviation is caused by the higher amplitude of the distorted gust, related to the
increase of the root-mean-square of the upwash velocity component in the stag-
nation, which is not taken into account in the flat-plate-based formulation em-
ployed for the transfer function. An overall good agreement in terms of PWL and
directivity patterns of the far-field noise is obtained in the whole frequency range
of interest, especially in terms of trend and decay slope.

The proposed approach suggests a promising and more robust development for
the characterisation of the aerofoil-geometry effects in low-fidelity noise-prediction
methods by proving that the aerofoil-geometry effects are fully encompassed by
modifying the input term describing the turbulence characteristics. This conclu-
sion entails the evaluation of the frequency spectrum of the upwash turbulent ve-
locity as close as possible to the stagnation point, allowing the high-frequency de-
cay characterising the surface-pressure spectra at the leading edge to be correctly
captured.

This enhanced understanding constitutes a significant step forward in improving
the accuracy of the leading-edge noise-prediction methods. This indeed paves the
way for developing analytical methodologies that predict the alteration of the flow
field in the stagnation region knowing the upstream, undistorted turbulence char-
acteristics and the aerofoil geometrical features and hence extend the applicability
of Amiet’s model.

. ANALYTICAL MODELLING: development of an analytical framework to incorpor-

ate turbulence-distortion effects into low-fidelity noise prediction tools.

Turbulence-distortion effects should be considered at stagnation point to enhance
low-fidelity prediction. This could be done by using RDT asymptotic results starting
from upstream undistorted flow conditions.

An analytical methodology has been proposed in Chapter 5 to enhance the accur-
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acy of Amiet’s model for leading-edge noise prediction in the case of realistic aero-
foil geometries by including and modelling the effects of turbulence distortion on
the alteration of the velocity field and on the acoustic response.

These effects have been predicted using RDT asymptotic results, resulting in a
methodology that requires as inputs only the turbulence integral length scale and
intensity of the upstream undistorted flow and the equivalent RDT characteristic
length for aerofoil configurations.

The characterisation of the distorted velocity field entails the modelling of the al-
teration of the frequency spectrum and the spanwise coherence length of the up-
wash velocity component. The identification of the distortion length has allowed
the distorted spectrum of the upwash velocity component to be modelled by inter-
polating the RDT asymptotic expressions for the alteration of the velocity spectra
in the low and the high-wavenumber ranges.

The alteration of spanwise coherence length in the distorted region of the flow
field, characterised by an increase in the low-frequency range, has been modelled
accounting for the variation of the length scale of the upwash velocity component,
which doubles with respect to upstream conditions.

Regarding the turbulence-distortion effects on the acoustic response, the aeroacous-
tic transfer function has been corrected to account for the variation of the energy
content of the perturbation, following the findings of the physical analysis. The
required scaling has been implemented using the RDT expression modelling the
variation of the variance in the asymptotic case of large-scale turbulence. Remark-
ably, this result shows that the flat-plate analytical formulation of the aeroacoustic
transfer function can be retained for thicker aerofoil geometries once turbulence-
distortion effects are taken into account.

This methodology has been validated by applying it to correct Amiet’s model for
four numerical simulations and four experimental configurations. The numerical
simulations involve a NACA 0012, NACA 0012-103, and NACA 4412 at two different
loading conditions, while the experimental configurations include a NACA 0006,
NACA 0009, NACA 0012, and NACA 0018 at three different free-stream velocities.
In the latter case, the distortion length was estimated using XFOIL. An accurate
far-field noise prediction was retrieved whenever the methodology was applied
within its validity range L;/a > 1.

In light of the above, it can be concluded that the proposed methodology, based
on the preservation of Amiet’s model original formulation and the incorporation
of the RDT asymptotic results, offers a valid approach for improving the accuracy
of low-fidelity leading-edge noise predictions in realistic aerofoil geometries.

3. FULL-SCALE APPLICATION: establishment of the physical and analytical frame-
work needed to evaluate the impact of these advancements in the context of ro-
tational motion.

Amiet’s model modification in rotors enables the evaluation of the impact of inflow
conditions on noise generation and prediction in complex configurations and paves
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the way for the application of turbulence-distortion models developed for rectilinear
motion.

A modification to Amiet’s model for turbulence-ingestion noise prediction in ro-
tors is proposed to directly use probe measurements of the inflow conditions as in-
puts. This formulation enables the model to be applied to complex configurations
with limited turbulence modelling and measurement availability. It is achieved by
transforming the original three-dimensional turbulence spectrum used as input
into a one-dimensional one. This conversion is made possible by using an inverse-
strip theory approach and introducing two auxiliary functions, i.e. the axial and
spanwise correlation length. The former describes the radial correlation of the ve-
locity fluctuations perpendicular to the rotor plane, while the latter accounts for
the blade-to-blade correlation.

The proposed methodology is validated using experimental measurements of a
two-bladed propeller interacting with grid-generated turbulence at three differ-
ent advance ratios. Good agreement is found between the experimental measure-
ments and the modified Amiet’s model at all the considered advance ratios.

The outcome is, hence, a formulation that configures Amiet’s model as a modular
tool, where the various contributions affecting the turbulence interacting with the
rotor and the resulting noise scattering are represented by decoupled terms. This
enables the individual investigation and modelling of each physical mechanism
and its relative impact on noise generation. The inherent structure of the model
makes it well-suited for complex configurations, as limited inflow measurements
are required for its application.

Furthermore, in its current state, the proposed framework lays the ground for com-
bining different models available in the literature to describe the successive phases
of turbulence alteration as it approaches the rotor. For instance, the deformation
due to the streamtube contraction can be taken into account through the RDT into
the velocity spectrum term, while the multiple chopping of the elongated turbu-
lent eddies is modelled through the axial correlation length. In addition, future
developments could focus on characterising the interaction between the chopped
elongated turbulent structure and the leading edge, e.g. through the methodology
developed in 5, which can now be incorporated through the conversion of turbu-
lence input into a one-dimensional spectrum. The potential to account for such
a mechanism, particularly relevant for cases introducing significant flow disturb-
ances, makes the proposed model especially well-suited for capturing the effects
of blades with realistic shapes and complex rotor geometries.

7.2. OPEN QUESTIONS AND FUTURE WORKS

The results obtained in the thesis, together with the limitations identified, have high-
lighted several areas for further investigation and indicated potential directions for fu-
ture development. These possible future works are outlined and briefly described in the
list below.

* The distortion length lg;, i.e. the characteristic geometric dimension of the aero-
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foil introduced in Chapter 4 that influences the distortion of the incoming turbu-
lence and determines the distortion mechanism, has been identified as the dis-
tance between the peaks of the root-mean-square of surface pressure fluctuations
at the leading edge. For symmetric aerofoils, a correspondence has been estab-
lished between this unsteady flow parameter, the pressure gradient, and the curvature
variation. However, such a relationship, which would enable the calculation of this
characteristic length without detailed knowledge of the flow field near the aerofoil,
has not been identified for cambered aerofoils. Understanding this parameter is
critical for applying the proposed turbulence-distortion correction to improve the
accuracy of Amiet’s model when dealing with aerofoils of non-negligible thickness.
Therefore, a detailed analysis of cambered configurations at different loading con-
ditions is warranted to develop a reliable procedure to determine this parameter.

* The investigation into the influence of aerofoil geometry and loading conditions
on the distortion mechanism can be further extended and generalised. Building
on the previously discussed shift in perspective, according to which turbulence
distortion is attributed to the curvature of the streamlines rather than solely to the
size of the obstacle, a twofold investigation could be pursued. First, an analyt-
ical study should aim to establish a quantitative relationship between streamline
curvature, pressure fluctuations, and the resulting distortion of turbulent struc-
tures. Second, an extensive experimental campaign exploring a range of inflow
conditions, aerofoil thicknesses, leading-edge radii, and angles of incidence would
be essential to identify potential trends linking distortion length with noise reduc-
tion, thereby providing empirical support for the analytical findings.

* Arguably, the most significant outcome of this work is the finding that the effects
of turbulence distortion on noise prediction can be fully encompassed by limiting
modifications to Amiet’s flat-plate-based model solely to the term representing the
characteristics of the incoming turbulence. In this framework, the aeroacoustic
transfer function only needs to be adjusted to correctly describe the energy con-
tent of the incoming gust when the distorted turbulence spectrum is used as input.
However, the validity of this approach is limited to the case of large-scale turbu-
lent structures. A detailed investigation is therefore required to understand how
turbulence distortion and realistic aerofoil geometries influence the aerodynamic
and acoustic response of the aerofoil. Such a study would enable the development
of an enhanced and more general formulation of the aeroacoustic transfer func-
tion for thick aerofoil geometries, thereby improving the overall robustness of the
methodology.

e Defining a general procedure to calculate the distortion length for a generic aero-
foil, and potentially identifying a relationship between this parameter and the aero-
foil geometry, would allow the application of the turbulence-distortion modelling
methodology for the enhancement of Amiet’s model as a reverse engineering tool.
Ideally, a target noise level could be specified as an input, allowing the method-
ology to determine the corresponding distortion length and, consequently, the
aerofoil section producing those acoustic emissions. For wind turbines or UAM
rotors, this would enable the identification of the optimal blade section at each
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radial position. This would transform the low-fidelity prediction model into an
optimisation tool, ultimately leading to the design of wings or rotors that minim-
ise turbulence-interaction noise.

e The validity of the proposed modification to Amiet’s model for turbulence-ingestion
noise prediction has been demonstrated only for axial-flight configuration, which
is characterised by less pronounced distortion due to streamtube contraction. How-
ever, while currently focused on improving the description and modelling of the
input turbulence term, the proposed modification broadens the potential of the
model for new applications. Upon adequate validation or adaptation, the inher-
ent structure of the model makes it indeed well suited for complex configurations,
such as propellers in vortex-ring state, rotors ingesting boundary layers, contra-
rotating propeller cases, and strongly anisotropic inflow conditions, as limited in-
flow measurements are required for its application. Targeted investigations are
therefore necessary for each of these configurations to assess the robustness of
the modified Amiet’s model and to identify potential further refinements.

* Inthe case of rotors, the alteration of the incoming turbulence caused by the streamtube
has been demonstrated to play a significant role in noise generation. This high-
lights the importance of accurately modelling this mechanism within low-fidelity
prediction tools to ensure reliable estimates of acoustic emissions. The effect is
expected to be particularly pronounced in wind turbines, where the variation in
streamtube cross-section is more substantial than in propellers or engine rotors.
The modification of Amiet’s model presented in Chapter 6 outlines an analytical
procedure to incorporate the turbulence-distortion modelling methodology to de-
scribe leading-edge distortion. However, in its current form, it does not account
for the turbulence alteration caused by streamtube contraction. Therefore, a com-
plete distortion-corrected version of Amiet’s model could integrate two distinct
methodologies to capture both mechanisms, in accordance with the modular frame-
work established by the proposed modification. The turbulence alteration due to
streamtube contraction can be described using RDT in Goldstein’s formulation,
which requires only the contraction ratio as input. Such a parameter can be ob-
tained using a Blade Element Momentum Theory (BEMT) code, which, in turn,
needs the rotor geometry and polars. In the specific case of wind turbines, where
the streamtube is strongly divergent, additional considerations are needed to en-
sure the accurate application of RDT.
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