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Propositions

accompanying the dissertation

SEMI-ANALYTICAL APPROACHES FOR THE PREDICTION OF THE NOISE

PRODUCED BY DUCTED WIND TURBINES

by

Yakut Cansev KUcUKOsMAN

1. The acceleration of the flow above the fairing decreases the turbulent intensity,
however, in the vicinity of the probe, this advantage is not observed (Chapter 6).

2. Analytical solutions provide insight and a good basis to improve the numerical
models, but do not always yield a good match with experimental data (Chapter 6).

3. It is hard to obtain a mesh insensitive solution for local variables (Parr I).

4. In terms of accuracy vs computational cost balance, it is reasonable to simplify
a 3D problem to a 2D one as long as the three-dimensional effects can be rep
resented through the boundary conditions of the two-dimensional simulations
(Chapter 5).

5. Listening to someone does not mean that one understands the situation unless
s/he establishes empathy.

6. Mindfulness is the key to make everyone’s life easier.

7. If we don’t take actions, we are responsible for what is coming next.

8. The essence of being an experimentalist is to acknowledge the fact that an experi
ment is a losing streak.

9. Life is full of ups and downs if we define it that way but in reality, it is full of oppor
tunities.

10. Learning one’s language does not always give the opportunity to understand the
humour.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotor prof. dr. D. Casalino.
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ABSTRACT

The integration of wind turbines into urban environments is a challenging task due to
the reduced wind speed and high turbulence levels caused by the surface resistance,
as well as limited spacing. If a specific building arrangement is explored, an improve
ment in wind speed can be obtained. This would be especially beneficial for tall build
ings where a wind turbine can be placed on the roof, side, or through a duct. However,
the main problem associated with the integration of wind turbines is the acoustic an
noyance. Therefore, the focus of this thesis is twofold. First, a robust, accurate, and
low computational cost numerical methodology is proposed to predict the trailing edge
noise for a ducted wind turbine. Second, a measurement device is developed to acquire
noise emitted by a rotating machine where the duct surface cannot be altered. An inves
tigation of the incoming flow on the noise emitted by a building-integrated wind turbine
is conducted by different aerodynamic roughness lengths.

The far-field trailing-edge noise prediction by the Amiet analytical theory is applied
for two isolated airfoils, the NACAOO12 at 0° and the DU96-W180 at 4°. The compari
son of the wall-pressure spectrum is performed by using the state-of-art semi-empirical
models; Goody, Rozenberg, Kamruzzaman, Catlett, Hu & Herr and Lee, and an integral
model from Panton & Linebarger. A sensitivity analysis of the wall-pressure spectrum
and far-field noise prediction based on different mesh resolutions is investigated and
the far-field results are validated with experimental data. Furthermore, another analysis
is performed by varying the probe location to quantify the sensitivity of the wall -pressure
spectrum obtained by different models as well as the corresponding far-field noise pre
dictions.

The extended variant of Schlinker and Amiet theory is applied to a full scale com
mercial ducted wind turbine. The three-dimensional Reynolds Averaged Navier-Stokes
simulation with a Multiple Reference Frame is performed to obtain the flow field. The
far-field noise is predicted by a strip theory by neglecting the scattering due to the pres
ence of the diffuser. To reduce the three-dimensional computational cost, a two dimen
sional isoradial approach is proposed and applied to the same configuration without
considering the flow acceleration due to the diffuser and nacelle. To reproduce the flow
acceleration due to the diffuser and nacelle, a two dimensional axisymmetric simula
tion without the presence of a blade is conducted. Several locations obtained from this
simulation are then imposed as an inlet condition for the two dimensional isoradial ap
proach. A comparison between the three and two dimensional approaches is assessed
by the wall-pressure spectrum and the far-field noise prediction obtained upstream and
downstream of the blade.

Experimental considerations regarding a noise measurement technique of a ducted
wind turbine and the assessment of the noise emitted by a building-integrated wind tur
bine in an urban environment are investigated. The former study focuses on a develop
ment of a fairing based on a remote microphone technique. The fairing is designed as a

1



2 — ABSTRACT

streamlined proffle to avoid additional disturbances as well as to reduce the turbulence
level. The microphone is located inside of the fairing and connected to the surroundings
with a pipe-cavity system. The system is modelled analytically and compared with the
system response function. The investigation of the fairing is performed aerodynamically
and aeroacoustically with different wind speeds and turbulence levels. Later, this device
is validated through with a practical application. The latter study investigates the effect
of different incoming flows both in magnitude and turbulence intensity on the noise
emission in the case of a building integrated wind turbine placed through a duct. The
acoustic measurements are performed for two different incoming flow speeds and six
different wind directions with nine microphones. Furthermore, the power efficiency of
the in-duct wind turbine is compared to another wind turbine, which is placed on the
top of a model building.



ABSTRACT

De integratie van windturbines in stedelijke omgeving is een uitdagende taak vanwege
de verminderde windsnelheid, de hoge turbulentie veroorzaakt door de bebouwde
omgeving en de beperkte ruimte. Indien een specifieke bouwinrichting wordt onder
zocht, kan een verhoging in windsnelheid verkregen worden. Dit zou vooral voordelig
zijn voor hoge gebouwen waar een windturbine op het dak, de zijkant of in een opening
kan worden geplaatst. Toch is het grootste probleem de akoestische hinder geassocieerd
aan de integratie van windturbines. Bijgevolg is de focus van dit proefschrift tweeledig.
Eerst wordt er een robuuste, nauwkeurige nurnerieke methodologie voorgesteld met
lage rekenkundige kost om het geluid van de vleugelachterrand te voorspellen voor een
windturbine in een opening. Ten tweede wordt een niet-intrusief meetapparaat on
twikkeld om het uitgezonden geluid afkomstig van de roterende machine op te meten.
Een onderzoek van de inkomende vind stroom op het geluid uitgezonden door een
gebouw-geIntegreerde windturbine wordt uitgevoerd met verschillende aerodynamis
che ruwheidslengtes.

De voorspelling van het verre-veld vleugelachterrand geluid door de Amiet
analytische theorie wordt toegepast voor twee geIsoleerde schoepen, de NACAOO12 op
OXen de DU96-W180 op 4X. De vergelijking van het wand-drukspectrum wordt uitgevo
erd met behuip van state-of-art, semi-empirische modellen; Goody, Rozenberg, Kam
ruzzaman, Catlett, Hu & Herr en Lee, en het volledig model van Panton & Linebarger.
Een gevoeligheidsanalyse van het wanddrukspectrum en verre-veld geluidsvoorspelling
wordt onderzocht op basis van verschillende grid resoluties en de verre-veld-resultaten
worden gevalideerd met experimentele gegevens. Verder wordt nog een analyse uitgevo
erd door de locatie van de sonde te variëren om de gevoeligheid van het wanddrukspec
trum, verkregen door verschillende modellen, evenals de bijbehorende verre-veld gelu
idvoorspellingen, te kwantiflceren.

De uitgebreide variant van de Schlinker en Amiet-theorie wordt toegepast op een
commerciële windturbine geplaatst in een opening, en dit op volledige schaal. De
driedimensionale Reynolds Averaged Navier-Stokes simulatie met een ‘Multiple Refer
ence Frame’ wordt uitgevoerd om het stroomveld te verkrijgen. Ret verre-veld geluid
wordt voorspeld door een striptheorie door de verstrooiing vanwege de aanwezigheid
van de diffuser te verwaarlozen. Om de driedimensionale computerkosten te vermin
deren wordt er een tweedimensionale isoradiale benadering voorgesteld en toegepast
op dezelfde configuratie zonder rekening te houden met de stroomversnelling als gevolg
van de diffuser en de nacelle. Om de stroomversnelling door de diffuser en de nacelle
te reproduceren, wordt een tweedimensionale asymmetrische simulatie zonder schoep
uitgevoerd. Verschillende locaties verkregen uit deze simulatie worden dan opgelegd
als inlaatvoorwaarde voor de tweedimensionale isoradiale benadering. Een vergelijking
tussen de drie- en tweedimensionale benaderingen wordt uitgevoerd door het wand
drukspectrum en de voorspelling van het verre-veld geluid verkregen stroomopwaarts
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4 ABSTRACT

en stroomafwaarts van het blad te vergelijken.
Experimentele overwegingen met betrekking tot een geluidsmeettechniek van een

windturbine geplaatst in een opening en de beoordeling van het geluid van een gebouw
geIntegreerde windturbine in een stedelijke omgeving worden onderzocht. De vorige
studie richt zich op de ontwikkeling van een kap gebaseerd op een microfoontech
niek op afstand. De kap is ontworpen als een gestroomlijnd profiel om extra storm
gen te voorkomen en om de turbulentie te verminderen. De microfoon bevindt zich
in de kap en is verbonden met de omgeving dankzij een openingholtesysteem. Het
systeem is analytisch gemodelleerd en vergeleken met de responsfunctie van het sys
teem. Een aerodynamisch en aeroakoustisch onderzoek van de stroomlijnkap wordt
uitgevoerd met verschillende windsnelheden en turbulentieniveaus. Vervolgens wordt
dit apparaat gevalideerd dankzij een praktische toepassing, Deze studie onderzoekt
het effect van verschillende inkomende vind stromen, zowel in grootte als turbulentie
intensiteit, op het uitgezonden geluid in bet geval van een gebouw-geIntegreerde wind-
turbine geplaatst in een opening. De akoestische metingen worden uitgevoerd voor twee
verschillende inkomende stroomsnelheden en zes verschillende windrichtingen met ne
gen microfoons. Verder wordt de stroomefficiëntie van de windturbine in de opening
vergeleken met een andere windturbine, geplaatst boven op een modelgebouw.



1
INTRODUCTION

This chapter is devoted to a brief introduction of the thesis followed by the objectives
and outline.

1.1. BAcKGRouND
The energy demand due to urbanization and industrialization has raised in recent
years 11091. As stated by the United Nations in 2007 [1371, the energy consumption in
cities was found to be around 75% which will increase due to migration to the cities
from the rural areas in developing countries [11. If the traditional energy production ap
proach remains unchanged, the depletion of fossil fuels will result in a higher cost [1461
as well as green-house gas emission causing environmental problems 11061. To over
come these issues, it is necessary to find sustainable and renewable energy solutions for
the future. Since a great amount of energy consumption occurs in a city, it would be
effective and efficient to generate power within them. That will also help to reduce the
use of transmission and distribution infrastructure throughout the generation of power
to the consumer as well as the transmission losses. In recent years, a lot of care has been
taken to investigate and improve the wind energy applications in urban areas as an al
ternative energy resource.

The assessment of wind energy in urban environments has interesting challenges
compared to open terrains. Firstly, the resistance caused by buildings in urban environ
ments reduces the wind speed and produces a higher turbulence level with rapid fluc
tuations both in magnitude and direction [52, 106, 1Bl. Secondly, the limited space in
the urban environment prevents installation of large wind turbines. Even though the in
coming wind speed and turbulent inflow conditions for the urban boundary layer are
highly dependent on the atmospheric conditions, the effect of urban geometry over
comes them, especially over the surface layer, which can be approximated as 10% of the
total atmospheric boundary layer thickness [183]. Therefore, specific building arrange
ments can also be used to alter the wind flow within the urban canopy to further improve
the wind energy potential. As can be expected, tall buildings provide better conditions

5



6 1. INTRODUCTION

to this end. The wind turbines can be placed either on the top of the building, within a
duct or around them [1781. It has been found that a well-situated building arrangement
can lead to a power increase up to 70% [1311. As stated by Ru and Cheng [991, the idea
of ducted wind turbines is based on adjusting the wind flow, not only in terms of wind
speed magnitude but also wind direction which increases the power efficiency.

Even though the wind energy is promising in the long term, social acceptance plays a
key role in the integration of wind turbines in urban environments [1771. The main issue
related to social acceptance is associated with the acoustic annoyance caused by wind
turbines. As a siting of wind turbine is unique in each urban environment, an investi
gation of special positioning is necessary to take into account relevant factors including
the buildings, trees and other obstacles’ arrangement as well as the effect of the noise
emission to the immediate environment [1771. For this reason, there is a solid need to
predict and reduce the noise emitted by wind turbines since small modifications in the
blade design can yield a considerable noise reduction [221. Thus, robust and accurate
as well as low cost prediction methods are necessary for the early stage design of wind
turbines.

1.2. MOTIVATIONS AND OBJECTIVES

To integrate the wind turbines into urban environments, it is important to overcome the
acoustic annoyance caused by wind turbines [80, 152, 1821. Hence, the motivation of
this thesis is to investigate this issue both numerically and experimentally. Even though,
the numerical methods are being used to estimate the acoustic far-field noise for almost
a decade [22], it is also critical to quantitatively evaluate the accuracy and robustness of
the low fidelity prediction methods such as hybrid methods for further simplifications.
The other motivation of this thesis is to provide a preliminary experimental methodology
to investigate the effect of urban environment on the power efficiency and noise emis
sion of building-integrated wind turbines as the experimental investigation of building-
integrated wind turbines is a topic still open to further research. On this framework, the
thesis is composed of two main parts. The first part focuses on accuracy and robustness
of the low cost prediction methods and proposes a methodology to further simplify the
three dimensional approach to two dimensions. The second part focuses on the devel-
opment of measurement techniques for already existing ducted rotating machines and
investigations of the urban topology on the noise emitted by building-integrated wind
turbine in terms of turbulence and inflow direction. Furthermore, this part also answers
the convenient siting of the wind turbine on the building by means of power production.
The following objectives are followed throughout the thesis:

• To propose a methodology that can predict far-field trailing edge noise from an
airfoil by considering the simulation cost. The chosen hybrid method combines
the flow field obtained by Reynolds-Averaged-Navier-Stokes (RANS) simulations
and acoustic far-field byAmiet’s theory.

• To perform a quantitative comparison of state-of-art wall pressure models by
means of 2D HANS simulations with several airfoil configurations and to compare
with experimental results.



1.3. THEsIs OUTLINE 7

To conduct a grid sensitivity analysis for RANS simulations to quantify the robust
ness and accuracy of the wall-pressure models as well as the far-field noise predic
tion.

• To extend the existed model for a full scale wind turbine and to propose a further
simplification of the 3D method to a 2D.

• To develop a measurement device based on a remote microphone technique to
acquire the noise emitted by ducted rotating machines.

• To asses the effect of the urban environment on the noise emission by a building-
integrated wind turbine.

1.3. THEsIs OUTLINE
The thesis is composed of two main parts that consist of numerical and experimental
considerations of ducted wind turbines, defined as Part I and Part II. The introduction
is followed by Chapter 2, which presents a review of a diffuser-augmented wind turbine
and noise mechanism. After Chapter 2, Part I starts with the numerical methodology
for both two and three dimensional techniques (Chapter 3). The accuracy and mesh
sensitivity of HANS based trailing edge predictions using Arniet’s theory is presented in
Chapter 4. Part I is finalized with Chapter 5, which presents numerical results for a full-
scale ducted wind turbine. Part II is focused on experimental considerations of ducted
wind turbines, including development of a measurement device based on a remote mi
crophone technique (Chapter 6) and the investigation of inflow conditions on the wind
turbine efficiency (Chapter 7). Finally, a brief summary of the obtained main results
along with the conclusions and the possible future work are presented in Chapter 8.





2
REVIEW OF DIFFUSER-AUGMENTED

WIND TURBINE AND NOISE

MECHANISM

In this chapter, the basic working principle of conventional and diffuser-augmented
wind turbine (DAWT) will be explained. Later, the development of ducted wind turbines
as well as the general noise mechanism observed in wind turbines without a duct will be
explained. Finally, the present numerical noise prediction methods will be discussed.

2.1. WORKING PRINCIPLE OF DIFFUSER-AUGMENTED WIND

TURBINES

The wind turbine rotor extracts energy by slowing down passing wind. To obtain a 100%
efficient wind turbine, the wind speed downstream the wind turbine has to be zero.
However, that would prevent the upstream wind from moving through the turbine which
causes the turbine stop spinning. According to Betz’s law 1231, the maximum kinetic en
ergy a bare wind turbine can extract is 16/27 0.59 which is known as the Betz limit. The
axial velocity and pressure distributions on the centreline are shown in Fig. 2.1. It can be
observed that for the maximum operating conditions, the flow velocity upstream of the
rotor decreases to U, where U is the free-stream velocity, as the cross sectional area
of the stream tube increases. At the downstream side, the cross-sectional area is twice
the disk area which results in the velocity decreasing further down to U.

In order to exceed the Betz limit, the power augmentation can be performed in two
ways. The first one is to use a vortex generator to create a low-pressure region to accel
erate the flow as shown in Fig. 2.2. The second method is to use an annular lifting device
whose suction side is pointed inwards to create a lift force which increases the velocity
at the centerline as shown in Fig. 2.3.

9
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2.2. REvIEw OF DIFFUSER-AUGMENTED WIND TURBINES
In the 1920s, the first development of ducted wind turbines was acknowledged by Betz
[24]. He had formulated the correct theory with a restrictive assumption in which he
assumed the exit static pressure is equal to the ambient pressure. He concluded that
ducted wind turbines were uneconomical for practical applications. In the 1 950s, Sanuki
[1631 published the first experimental results for ducted wind turbines and was followed
by Iwasaki [107]. They both found an increase in power output compared to bare wind
turbines. Independently, Lilley et al. [124] demonstrated, based on the momentum and
vortex theories for a ducted wind turbine, that the augmented power output was ex
plained by an increase in axial velocity and a decrease of tip losses. In the report, they
proposed the ideal shrouded windmill by considering the cost and stated an increase of
65% power output compared to the unshrouded windmill. Moreover, further increase of
the power output could be achieved by adding an aerodynamic surface at the exit of the
diffuser. Earlyinthe 1960s, anlsraeligroup [114,115] achievedapoweraugmentationby
a factor of 3.5 with a longer shroud design which was inconvenient for commercial appli
cations due to high cost of the duct length. A shorter duct with the same exit area ratio
requires a rapidly diverging diffuser. As a drawback, this would cause the flow to sep
arate, and hence, a reduction in the performance. To overcome the separation, gurney
flaps were implemented at the duct outlet to reduce the exit pressure. Igra [102, 103, 104]
realized that the power augmentation was due to sub-atmospheric pressure at the exit,
thereby increasing the mass flow.

At the same time, Foreman [73, 76, 771 was focusing on Diffuser Augmented Wind
Turbines (DAWTs) to find alternative energy sources due to the oil crisis in 1974. In con
trast to other researchers, the attempt was to control the boundary layer to create a jet
flow by applying slots. The energized flow entering through the slots helps to delay or
prevent flow separation, which allows shorter duct lengths and larger outlet-to-inlet area
ratio DAWTs. They also observed that the separation in the diffuser was delayed having
an actual wind turbine within the duct instead of a gauze screen (sometime used to rep
resent the rotor pressure drop) since the swirling flow at the wake of the rotor enhanced
momentum transfer to the boundary layer. Gilbert et al. [77] emphasized that the new
generation DAWTs could provide twice the power output and be 50% cheaper than a
conventional wind turbine with the same diameter and same wind speed.

By consequence of these outcomes, DAWTs became economically attractive. How
ever, despite a strong academic interest [55, 72, 121, 127, 128, 193] the commercial ex
ploitation of DAWTs wasn’t attempted before 1995. Vortec Energy Limited took the ini
tiation on the development of Vortec 7 DAWT. Based on Foreman’s design [149, 1501, a
prototype was built with a 17.3 meter height and optimization was performed by CFD
with a comparison of small scale experiments. The power augmentation was expected
to reach about a factor of 9, but the full-scale Vortec 7 achieved only a factor of about 2.4.
One of the reasons was that the exit velocity was assumed to be uniform in the calcula
tions. On the contrary, the full-scale model demonstrated high speed regions at the tip
and lower at the hub, which reduced the power output [148].

Hansen et al. [90] compared the theoretical expression for the power coefficient as a
function of thrust coefficient with CFD computations of a bare turbine and concluded
that the actuator disk theory was applicable to model the rotor. Moreover, he confirmed
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that the Betz limit can be exceed using a diffuser. However, van Bussel [1911 emphasized
that the calculation of the power coefficient led to an unrealistic power augmentation.
He suggested that the power coefficient must be normalized using the maximum shroud
area, which reduces the power coefficient to below the Betz limit rather than the rotor
area as in a bare wind turbine calculation. Jamieson [1081 reformulated the momentum
theory to define an optimal power extraction, equal to 0.89 of the power available in the
rotor streamtube far downstream.

Another mechanism so-called “flanged diffuser” has been investigated both experi
mentally and numerically byAbe et al. [1], Abe and Ohya 121, Ohya et al. [140], and Ohya
and Karasudani 11391. In this concept, a brim was attached to the exit of diffuser, cre
ating a large scale flow separation. As a consequence of the separation, a low-pressure
zone occurs which draws more mass through diffuser compared to a diffuser without a
flange. The numerical results obtained by a custom turbulence model, developed and
tuned for this purpose, showed an accurate prediction of velocity and pressure profiles
in comparison with experimental data [1, 21. The experimental prototype of “Wind-Lens
structure” with a length-to-diameter ratio of 1.47 produces 4-5 times more power than
a conventional wind turbine 11401. A new design of a compact brimmed diffuser with
a length-to-diameter ratio from 0.1 to 0.371 achieved a power output of 2.5 times larger
than a bare diffuser. Several wind turbines have been installed around China to examine
the practical application 11391 (see Fig. 2.4(a-b)) of this design.

Particle Image Velocimetry measurements were performed by Toshimitsu et al. 11891
and Kardous et al. 11121 for a diffuser with a flange. Toshimitsu et al. [1891 found that the
acceleration of the flow is due to the separation vortices behind the flange which led to
a power increase of 2.6 times larger than a bare wind turbine. Similarly, Kardous et al.
[112] compared several flange heights without the blade and concluded that the wind
velocity increases by about 64% to 81% for a diffuser with a flange and 58% for a diffuser
without a flange.

A semi-analytical method was developed by Bontempo and Manna 128] and Bon
tempo et al. [27] to determine an exact solution of an axisymmetric, potential flow using
a Green’s function. The difficulty of this approach is to determine the turbine loading
as a function of a stream function. To overcome this, an iterative approach is applied to
obtain the flow-field.

Recently, CFD calculations were performed by Aranake et al. [12, 13] for the same
shrouded wind turbine as 127, 281, in order to compare the predictions of the existing
low-order models. Later, axisymmetric BANS simulations were performed with an actu
ator disc model. It is found that the Betz limit is exceed by a factor of 1.43 based on the
maximum shroud area [111.

The commercial donQi Urban WindmillThas been developed extensively by the
Delft University of Technology (see Fig. 2.4(c)) [184, 192]. This diffuser is an annular
wing with the suction side pointing inwards which increases the velocity through the
duct. The exit plane is equipped with a gurney flap to enhance the mass flow through
the diffuser. Ten Hoppen [184] focused on the effect of the vortex generators placed at
the diffuser trailing edge both numerically and experimentally. The aim of the vortex
generator is to increase the power output by promoting the turbulent mixing of the wake
and the free-stream flow which decreases the exit pressure, hence, the mass flow rate. He
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found that the power output increased up to 9% by adding the vortex generator. Later,
van Dorst [192] performed an analysis of the rotor design on the existing wind turbine
to improve the performance. A RANS simulation where the rotor was modelled as an
actuator disc showed a good comparison with experiments [56]. An experimental study
was performed with a porous screen to observe the turbine loading [181]. It is concluded
that the relation between the thrust coefficient of the diffuser and the thrust coefficient
of the screen is not linear. Thus, the axial momentum theory is not applicable when
there is a high loading. The installation of the gurney flaps was found to be effective for
aerodynamic performance [57].

There is another application that uses the same methodology. In this case, a hori
zontal axis wind turbine is placed through a building which acts as a duct. An EU funded
Wind Energy in the Built Environment project in the framework of the Non Nuclear
Energy Programme discussed several options for Building Integrated Wind Turbines
(BIWT). They considered three different configurations: a stand-alone wind turbine, a
retro-fitting wind turbine onto existing buildings, and fully integrated turbines into a
(new) building [35]. A prototype of the latter, called WEB Concentrator (see Fig. 2.5(a))
was designed by performing CFD simulations, wind tunnel testing, and field-testing. It is
observed that the performance was enhanced at low-speed [34]. Mertens 1131] focused
on the retro-fitting and full integration configurations by studying the wind turbine po
sitioning that maximizes the energy output. He found that the most promising confIg
urations are when the wind turbine is located on the roof of the building or in a duct
placed through two buildings. Later, Watson et al. [195] performed three dimensional
CFD simulations compared with 1D theory of a ducted wind turbine located on the top
of the building. He found that the theory provides good results for a standing duct but
shows some discrepancies when the building is present.

There are already existing applications of building-mounted ducted wind turbines.
The Bahrain World Trade Center has two towers which are connected by skybridges, each
has a 225 kW wind turbine with a 29 m diameter (see Fig. 2.5(b)). It was expected to
deliver 11% to 15% of the tower energy needs [53]. The Strata Tower in London hosts

(a) 500W Wind-Lens tur- (b) 5kw Wind-Lens turbine (C) donQi Urban Wind
bine [1391. (compact brimmed) [139]. mill [192].

Figure 2.4: Commercial DAWTs.
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three five-bladed, 9 m diameter wind turbines integrated into the top part of the building
(see Fig. 2.5(c)). Each wind turbine is rated at 19 kW and produce approximately 8% of
the building’s estimated total energy consumption [31.

(a) WEB Concentrator [341. (b) The Bahrain World Trade (c) The Strata Tower [31.
Center[53].

Figure 2.5: Existing BIWTs.

Even though in literature extensive studies were performed on the performance of
ducted wind turbines, the assessment of noise emission from ducted wind turbines
within an urban environment, including the effect of aerodynamic roughness on the
inflow conditions is still ongoing. It must be noted that aerodynamic roughness varies
depending on the type of terrain and rural structures, which would directly affect the
turbulent inflow conditions and the power efficiency. Moreover, similar to the effect of
inflow conditions, the siting of wind turbine also plays an important role on the power
efficiency. Therefore, different siting positions should also be investigated. However, in
the extend of our literature survey, relevant studies are missing in the literature, except
only some preliminary experimental [351 and numerical [131, 195], focusing only on the
power efficiency.

2.3. WIND TURBINE NOISE

The noise emitted from wind turbines can be divided into two main mechanisms: noise
due to the machinery and aerodynamic. The former one is due to the noise generated
by the gearbox, generator, cooling fans, and auxiliary equipments such as the oil coolers
and hydraulic system for control purposes [151]. However, this noise is less of concern
due to techniques such as anti-vibration mountings or acoustic damping of the compo
nents [60]. The aerodynamic noise mechanism is due to the interaction of the blade with
the air which is considered as the dominant noise source of the wind turbine.
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2.3.1.AER0DYNAMIC NOISE GENERATION IN GENERAL
Before explaining each mechanism, a brief explanation of aeroacoustic analogies will
be emphasized to ease the understanding of the sound generation by low Mach num
ber flows. The aerodynamically generated sound is expressed by Lighthill [1221 [1231
who rearranged the Navier-Stokes equation to obtain a single wave propagation equa
tion in the absence of external forces. He concluded that for free turbulent flows such as
jets, the equivalent sound mechanism can be expressed as a quadrupole whose sound
intensity scales with the eighth power of the Mach number (M8). Later, Curle [511 ex
tended this analogy for unsteady flows interacting with solid surfaces and expressed the
sound generation in terms of quadrupole and dipole sources whose strengths are re
lated to the turbulent stress tensor and unsteady forces exerted on the surface, respec
tively. At low Mach numbers, the sound intensity scales with the sixth power of the Mach
number for a compact dipole source (M6), thus, making it acoustically efficient than a
quadrupole source. Finally, Ffowcs Williams and Hawkings (FW-H) [1971 further gener
alized the classical analogy by considering moving surfaces and expressed the generated
sound in terms of monopole, dipole and quadrupole sources. Furthermore, this analogy
is also suitable for predicting the noise emitted by the rotating machinery [155j. At low
Mach number flow applications, it is shown that the quadrupole sources become neg
ligible and the monopole sources appear less effective in acoustic radiation than dipole
sources. Accordingly, the unsteady aerodynamic forces on the blade surface is consid
ered to be the main noise source which can be characterize as a dipole [1181.

2.3.2. WIND TURBINE AERODYNAMIC NOISE
This noise generation can be divided into three mechanisms; low frequency noise, tur
bulent inflow noise and airfoil self-noise.

Lowfrequency noise is the noise emitted by the blade when it encounters a change in
wind speed due to the presence of the tower and wind shear. In general, wind turbines
have a cylindrical tower shape which creates a potential field around it if the turbine
is upwind. When the tower is placed downwind, the flow cannot follow the curvature
which leads to flow separations. Thus, depending on the blade being located upwind or
downwind, it will experience a change in the angle of attack and the pressure distribu
tion along the blade, which causes rapid change in the blade loading at the blade passage
frequencies of the wind turbine. The radiated noise is dependent on the distance and the
orientation of the tower and rotor. If the distance between them is larger, the blade will
be less affected, resulting in lower noise levels. This noise is also reduced for upstream
wind turbines compared with downstream ones, because the potential distortion decays
much faster with distance than that due to the viscous wake [82]. Furthermore, the typ
ical blade passage frequency is in the range of 1 Hz -20 Hz which is less important since
this range is below the audible range. However, this low frequency may excite the build
ing structures 1194].

Turbulent inflow noise or leading edge noise occurs when the turbulent eddies inside
the atmospheric boundary layer interacts with the blade, thereby inducing an unsteady
lift and noise. Therefore, the noise generation is altered by the turbulent properties and
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characteristics of the atmospheric boundary layer. The atmospheric turbulence is gener
ated by two mechanisms; due to interaction of the flow with surface, which is referred to
as aerodynamic turbulence, and due to the buoyancy of the air caused by the local heat
ing by the sun which is referred to as thermal turbulence [194]. Additionally, each spatial
component of turbulence is generated by different mechanisms. Wind shear drives the
longitudinal component of turbulence, which is in the direction of the mean flow, while
the vertical component normal to the surface, is affected by both wind shear and buoy
ancy. The lateral component may be larger than the longitudinal component.

Depending on the size of the eddy compared to the chord of the blade, the mech
anism of noise generation is different. At low Mach number, when the eddy size (A) is
larger than the chord of the blade (C), the whole blade segment will be affected, thus re
sulting in an acoustic dipole source where its strength is proportional to the sixth power
of the relative velocity, U6. However, if the eddy size is smaller than the chord of the
blade, A/c << 1, the eddy will produce a local fluctuating pressure on the blade and will
not affect the global aerodynamic force on it. Thus, the noise will be radiated at a higher
frequency and the source strength will be proportional to the fifth power of the relative
velocity, U5. A sketch given in Fig. 2.6 explains the mechanism. This noise mechanism is
considered to be dominant up to 1 kHz and is perceived as a swishing noise, and yet the
mechanism has not been fully understood [194].

(a) Low frequencies A
A — >> cp-values on suction side

Ec

turbulent eddy approaching blade change in total blade loading

(b) High frequencies A

C
deformation of eddy

-

-- close to leading edge

turbulent eddy
approaching blade change in local blade loading

Figure 2.6: Schematic of the turbulent inflow noise depending on the eddy size 194].

Airfoil self-noise noise Airfoil self-noise is generated by the interaction of an airfoil
with the turbulence that develops within its boundary layer and wake. According to
Brooks et al. 1311, this mechanism can be divided to five categories: trailing-edge noise,
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tip noise, laminar-boundary-layer-vortex-shedding noise (laminar boundary layer in
stability noise), separated / stalled flow noise, and blunt-trailing-edge noise. These are
illustrated in Fig 2.7.

waves

(a) Trailing-edge noise. (b) Laminar-boundary-layer-vortex-
shedding noise.

(C) Blunt-trailing-edge noise.

Large.scale separation

(d) Separated /stall flow noise.

Iad

Tip voTte

(e) Tip noise.

Figure 2.7: Self-noise mechanism [31].

• Trailing-edge noise is considered as the dominant source for modern wind tur
bines. The Reynolds number in the outer part of the blade is generally high
Re> 106, thus the turbulent boundary layer developing on the blade surface con
tains wide range of scales. As the turbulent eddies within the boundary layer
passes over the sharp edge, they scatter sound at the trailing-edge to the far-field.

Trailing-edge noise also radiates a swishing noise reported in [17, 58] due to the
combined effects of the directivity and convective amplification due to the ro
tation of the blades [861. The demonstration of the directivity patterns with re
spect to the three different wavelength, which are shown in Fig. 2.8, are performed
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by Hansen et a!. [86], by using Amiet’s theory [61. It is observed that when the air
foil chord (c) is much smaller than the acoustic wavelength (A) which means that
the airfoil is a compact source, the directivity pattern behaves as a dipole. Alter
natively, when the airfoil chord is larger than the acoustic wavelength (c>> A), the
airfoil acts as a semi-infinite half-plane and the directivity pattern behaves as a
cardioid shape. When they are of the same order, the acoustic waves generated at
the trailing-edge are also scattered from the leading-edge resulting an upstream-
radiating pattern which produces the swishing noise coupled with the rotation
of the blades 1861. The perceived noise amplitude will rise when the source ap
proaches to the observer which is found to be the main contribution of the asym
metric radiation pattern for wind turbines [86, 1381.

90
90 I’D 60

90
20 so — 20 60

I8:0l8o.:J

8:.::

270 _70 270

(a)c/A<<1. (b)c/A.’1. (c)c/A>>1.
Figure 2.8: Directivity patterns of trailing-edge noise using the theory of Amiet 161. The origin is at the trailing
edge location and the flow is assumed from left to right; c is chord, ,t is wavelength (taken from [86]).

• Laminar-boundary-layer-vortex-shedding noise occurs when the Reynolds num

ber is moderate (10 < Re < 106), the laminar flow region may remain until the
trailing-edge. A laminar separation bubble or separated shear layer might cause
small perturbations in a laminar boundary layer. The instabilities, which are cre
ated by the coherently amplified small perturbations roll up into vortical struc
ture, pass the trailing edge and generate the acoustic waves with the edge inter
action. The acoustic wave travelling upstream toward the trailing-edge may trig
ger the laminar-turbulent transition or the boundary layer instabilities known as
Tollmien-Schlichting waves. The pressure disturbances are created by these waves
and radiate sound as they pass the trailing-edge. When this feedback loop is gen
erated, high levels of tonal noise is radiated. To avoid this noise mechanism, the
boundary layer can be tripped.

• Blunt-trailing-edge noise occurs when the turbulent boundary layer passing by
the trailing-edge creates vortex shedding if the airfoil has a sufficient thickness.
Therefore, alternating vortices near the wake will create unsteady pressure at the
trailing-edge region, resulting in another dipole source.

• Separated / stalled flow noise occurs when the angle of attack is high enough to
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separate the flow on the suction side of the airfoil due to the adverse pressure gra-.
dient. The separated region of the airfoil consists of large and coherent eddies
whose interaction produces noise at a lower frequency but higher amplitude than
trailing-edge noise [86]. However, this noise mechanism can be avoided by the
pitch-control of wind turbines [29].

Tip noise mechanism is related to tip vortex formation which is created by the
pressure difference due to the three dimensional effect at the tip of the blade. The
turbulent flow created in this region has a different nature than the one at the trail
ing edge since the turbulent boundary layer sweeps into the vortex resulting in a
complex three-dimensional flow. Thus, two different sound mechanisms are ob
served in this case; the turbulence interaction near the tip edge and the turbulence
created by the trailing edge vortex as it passes [861.

2.3.3. NUMERICAL NOISE PREDICTION APPROACHES
Trailing-edge noise prediction approaches can be distinguished along three categories;
semi-empirical, direct and hybrid methods. The applicability of the semi-empirical
models [311 is limited since the models need to be calibrated against experimental data,
which can lead to poor prediction for other airfoil profiles and flow conditions [1341.
The direct method based on the conventional Navier-Stokes equations [78, 1611 as well
as the Lattice-Boltzmann method [15, 162], provide accurate and reliable predictions
and are applicable for industrial applications. However, when these high-fidelity meth
ods are utilized as a design and optimization tool, they demand high computational
cost [921. Hybrid methods offer an interesting compromise in terms of accuracy vs. CPU
cost, by decoupling the flow and acoustic calculations [153]. Hybrid methods usually
consist of the following two steps: first, the unsteady flow field is computed in the re
gion of the source term; secondly, an acoustic analogy is used to compute the acous
tic source radiation towards the far-field. In order to further reduce the computational
cost, Reynolds-Averaged Navier-Stokes (RANS) simulations can be preferred over scale-
resolved simulations to provide a source model. In that case, complementary stochas
tic methods are necessary to synthesize the missing unsteady information about the
flow. The Stochastic Noise Generation and Radiation (SNGR) [37, 71, 921 and Random
Particle-Mesh (RPM) 1701 were developed to this end. Finally purely statistical meth
ods (not involving any stochastic reconstruction) offer the cheapest solution amongst
the hybrid methods. The BANS-based Statistical Noise Model (RSNM) [59] follows this
path; the acoustic far-field is computed using a semi-infinite half plane Green’s function
combined with a model for the turbulent velocity cross-spectrum in the vicinity of the
trailing-edge. Alternatively, the wall-pressure based models compute the acoustic far
field using a diffraction analogy technique [401 or Amiet’s theory [5].

Arniet’s theory requires the wall-pressure spectra information which can be obtained
directly from Scale-Resolving Simulation (SRS). However, SRS computations require sig
nificant computational cost that is unappealing for industrial design and optimization
tools. Kraichnan 11161 was the first to express the wall-pressure fluctuations for a flat
plate based on the solution of the Poisson equation. The method expresses the pres
sure fluctuations in terms of the two-point correlation of the wall normal velocity fluc
tuations and the mean velocity profile. Following this approach, the TNO model was
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developed by Parchen [144], which is based on the turbulent boundary layer and the
wall-pressure wavenumber frequency spectrum, where Blake’s equation [251 is used for
the prediction of the wall-pressure wavenumber frequency spectrum. This model was
observed to yield an under-prediction of the noise level compared to some experimen
tal results [22, 111], even though it shows a correct behavior with respect to incoming
velocity and angle of attack. Lilley and Hodgson [1251 developped an extended ver
sion of the Kraichnan [1161 method by considering the pressure gradient in the stream-
wise direction with empirically obtained inputs. Later, Panton and Linebarger [1421 ex
pressed these inputs by empirically determined analytical expressions, yet this was in
sufficient to apply for more complex non-equilibrium turbulent boundary layers. Lee
et al. [1201 showed that the Kraichnan model is stifi applicable for more complex flows
by obtaining the input parameters through BANS simulations of the reattachment after
a backward-facing step. Lately, Remmler et al. [1541 applied this technique to zero and
adverse pressure gradient flows. Besides simplified theoretical approaches, the devel
opment of the semi-empirical relationships has served to describe the pressure fluctu
ations beneath the boundary layer based on a theoretical basis. These models are de
rived by fitting the experimental wall-pressure spectra rescaled with the boundary layer
variables. From Fig 2.9, four frequency regions are observed when rescaled by differ
ent boundary layer variables. Hwang et al. [1011 summarized these regions as the low
frequency region, the mid-frequency region, the overlap region, and the high frequency
region. The low frequency region, W8/UT 5, is proportional to w2. The mid-frequency
region, 5 wô/u 100, has the peak region which occurs around w8/u 50. The uni
versal range or overlap region, 100 W8/UT 0.3(uT8/v) is proportional to w_(07_11).

The high frequency region, 0.3 wv/u varies from w’ to of5 where w is angular fre
quency, 8 is the boundary thickness, uT is the friction velocity and v is the kinematic
viscosity.
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Figure 2.9: Generai spectral characteristics of a turbulent boundary layer wall-pressure spectrum at various
frequency regions with different scaling parameters 1101].
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The model proposed by Schlinker and Amiet [165] used the external variables to fit
the experimental data obtained from Wfflmarth and Roos [198]. Later, Howe [97) refor
mulated the wall-pressure model proposed by Chase [41] by re-scaling with the mixed
boundary layer variables. The model exhibited better performance by capturing the
w1 decay at high frequencies. However, this model does not take into account the
Reynolds number effects where the overlap region increases at the intermediate frequen
cies. Moreover, this model does not capture the w5 decay for the highest frequencies.
Goody [79] improved this model by adding a term in the denominator which satisfies the
decay for high frequencies. He also added a non-dimensional variable that sets the over
lap region depending on the Reynolds number. This model and earlier ones perform
better for simple flows, however, they exhibit significant differences for Adverse Pres
sure Gradient (APG) and separated flows. Rozenberg et al. [159] developed the Goody
model for APG flow by introducing two additional parameters which are Coles’ wake,
Fl and Clauser’s parameters, f3. Catlett et al. [39] extended the Goody model for APG
flows by introducing non-dimensional parameters involving the Reynolds number and
the Clauser’s parameter. Kamruzzaman et al. [110] proposed another model based on
the Goody model by using airfoil measurement data. Hu and Herr [98] claimed that us
ing the shape factor, H = o*/O, where 6 is the displacement and 6 is the momentum
thickness, is more suitable for characterizing APG flows. Moreover, they suggested that
the proper scaling for the spectrum should be the dynamic pressure as a better fitting
is observed with their experimental data. Later, Lee and Villaescusa [119] extended the
Rozenberg model by modifying some of the terms to provide a better universal approach.

In this thesis, several different state-of-the-art wall pressure models, which are being
extensively used in far-field trailing edge noise predictions, are tested and their perfor
mances are evaluated by two-dimensional RANS simulations for various grid resolutions
with respect to an experimental data [92]. Furthermore, among these models, three best
performing models are applied to three-dimensional ducted wind turbine simulations.
However, the scattering from the diffuser is not taken into account in the present in
vestigation. Nevertheless, based on two-dimensional simulations, an approach is de
veloped to include the effect of diffuser by modifying the inflow conditions. Finally, the
performance of this approach with respect to three-dimensional full rotor simulation is
assessed.
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3
METHODOLOGY

3.1. AMIET’s ANALYTICAL MODEL FOR TRAILING EDGE NOISE
A semi-analytical model is provided by Amiet [8] to compute the broadband trailing-
edge noise for an airfoil. Since the model is based on a linearized gust-airfoil response,
the airfoil is assumed to have negligible thickness, camber and angle-of-attack (a.o.a).
Assuming that the chord is infinite in the upstream direction, the main trailing-edge
scattering is obtained as a solution of a Schwartzchild problem [8], which was further
extended by Roger and Moreau [156] by applying a leading-edge back-scattering correc
tion to account for finite-chord effects. For a large span airfoil and an observer located
in the midspan plane at the acoustical and geometrical far-field position x = (x, 0, z) for
a given angular frequency w, the acoustic power spectrum density (PSD) can be written
as:

Spp(x,w)
(Siner

)2

(kc)2 2 (w) pp(w) (3.1)

s1:xxy

Figure 3.1: Sketch of the observer and source for a flat plate.
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where k w/co with c0 the speed of sound, er is the polar observation angle, R is the
distance between source and observer as shown in Fig. 3.1, c is the chord length, d is
the span, 1,, is the spanwise correlation length, çb13 is the wall-pressure spectrum, L
L +L2 is the aeroacoustic transfer function [156] for the main contribution term from
the trailing-edge, L1, and the leading edge back-scattering term, £2. The Corcos [49]
model is used to compute the spanwise correlation length as:

bU
(3.2)

(V

where U is the convection velocity and b is a parameter of the model. As the focus here
is placed on the sensitivity of the wall-pressure spectrum, both the convection veloc
ity and spanwise correlation length are assumed constant. In this instance, the values

= 0.7 and b = 1.47, reported in Ref. [159], respectively, have been adopted. More
accurate models accounting for some frequency dependence have been developed, such
as proposed byEfimtsov 169] for the spatial correlation, and Smolyakov 1172] for the con
vection velocity, but haven’t been considered in this work.

3.2. THE DOPPLER EFFECT
The trailing-edge noise prediction for an isolated airfoil mentioned in the previous sec
tion can be extended for wind turbines by dividing the blade into n segments and taking
into account the rotation. Based on the analysis of Lowson [129], Amiet [7] discussed
that a dipole source in a circular motion can be approximated as a rectilinear motion
if the angular velocity (Orot) is much smaller than the source frequencies (w). In this
case, the acceleration of the source in the direction of the observer is negligible. Initially,
the analytical formulation was developed by Schlinker and Amiet 1165] for a high-speed
low-solidity helicopter blade and later, extended for low Mach number rotor blades 1133]
operating in a medium at rest.

The sound frequency at the observer location, wO is shifted compared to the emitted
frequency from the source, We(’I’) where ‘I’ = flrott is the azimuthal angle. The ratio
between is known as the Doppler shift and is given by [1331:

—
=1+MsinWsinO (3.3)

(00

where M = 2rot r/co is the Mach number of the source relative to the observer, respec
tively. The observer is placed at the XZ plane with a distance of R0 and an angle of 0 as
shown in Fig. 3.2. The far-field noise should be determined by averaging all the possible
azimuthal positions of the blade segments and weighting it with the Doppler factor. The
formulation is given for a rotating machine with B independent blades and low-solidity,
thus the blade to blade interaction can be assumed negligible:

B r2r/ \‘

S(X,Y,Z,wo)
— J () S’(x,y,z,we)dW (3.4)
2m 0 w

where S is the noise emitted from a source located at ‘1’ neglecting the Doppler effect
and is thus the same as the isolated airfoil given in Eq. 3.1. The exponent n is defined as
1 for instantaneous spectrum and 2 for the time averages spectrum 1170, 171].
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Figure 3,2: Sketch of the observer and source for a rotating machine.

3.3. CooRDINATE TRANSFORMATION
To calculate the acoustic field of a blade strip by using the isolated airfoil theory, the
reference frame has to be attached to the strip. Thus, a coordinate transformation is
necessary from the observer position (X, Y, Z) to the blade strip location (x, y, z) by taking
into account the blade geometry. The same transformation used in [1581 is explained in
the following section and shown in Fig. 3.3.

The source is positioned at S which is the midspan of a blade strip located at r,
whose local coordinate system is defined as x, y, z which are chordwise, spanwise and
wall-normal components, respectively. The first transformation is applied from the fixed
coordinate system (X, Y, Z) to the angular position of the midspan of the blade strip by
keeping the origin fixed as Z=W. The coordinate system at this region is defined as (U, V,
W) where U is the coordinate system that passes through the trailing-edge of the blade
strip midspan. Thus, the transformation can be performed as the following:

U X cos1’ sin’{’ 0 X
V =Muvv-.xyz ‘ —sin cos’I 0 Y
W Z 0 0 1 Z

The second transformation is performed with an angle ‘ to shift the center of rotation
to the trailing-edge at the midspan:

u U cosC sine 0 U
V “Muvw_tjv V = —sin4’ cos 0 V
iv W 0 0 1W

To tale into account the pitch angle /3, another transformation is applied from (u, v,
w) to (m, n, p):

rn U 0 — cos /3 — sin /3 it

n = v 1 0 0 v
p iv 0 — sin 1 — cos /3 iv
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Figure 3.3: Sketch of the transformation matrices.

A final transformation is performed by considering the twist angle from (m, n, p) to
(x, y, z):

x m 1 0 0 m
y = n = 0 cos4 sin4 n
z p 0 —sin4 cos4 p

The observer position can be transformed to the blade strip coordinate system de
fined in Sec. 3.1:

x —r R0sinO
y M_uvw 0 +Myz.xyz 0
z 0 R0cosO

3.4. WALL PRESSURE SPECTRUM MODELS
Amiet’s theory requires the wall-pressure spectrum upstream of the trailing-edge, which
can be obtained directly from any resolved-scale simulations. However, the computa
tional cost is demanding since a long time signal is needed to have a sufficient conver
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gence for the low frequencies, and also due to the mesh size and numerical schemes that
are required for the high frequencies in particular. Therefore, this section presents mod
els which are governed by the boundary layer profiles that can be obtained from RANS
simulations. The first two approaches are based on fitting the experimental wall pres
sure spectra rescaled with the boundary layer variables. The last one is based on recon
structing the wall-pressure fluctuations by integrating the Poisson equation for pressure.
Semi-empirical wall-pressure spectrum (WPS) models often have the form [39, 98, 1191:

pp a(w*)b

- [j(w*)c+d]e+[fRgw*]

The shape of the spectra is modified through the parameters a—h given in Eq. (3.5). The
overall amplitude of the spectra is altered by a. The slopes corresponding to different
frequencies are adjusted by the parameters b, c, e and h. The parameter b determines
the slope at low frequencies. The overlap region is modified by the parameters b, c and e.
The high slope region is adapted by the parameters b and h. The onset of the transition
between the overlap and high frequency region is adjusted by the parameters f and g
in combination with timescale ratio R. The location of the low-frequency maxima is
weakly dependent on the parameter d. Lastly, the parameter i is 1.0 for all except the
Rozenberg model. For that model, a constant of 4.76 is introduced when the boundary
layer thickness is replaced by the displacement thickness by assuming A 6/6* 8. The
scaling factor for the spectrum is and for the frequency it is w.

In this work six different semi-empirical wall-pressure spectrum models are investi
gated: Goody, Rozenberg, Catlett, Kamruzzaman, Hu & Herr and Lee. The parameters
and the scaling factors are summarized in Table 3.1 excepted for the Lee model that is an
extension of the Rozenberg model. In the following section, the governing variables and
the spectral behavior of each model are discussed.

3.4.1. SEMI-EMPIRICAL MODELS
Goody model

The Goody model extends the overlap region by introducing the timescale ratio, RT,
which accounts for Reynolds number effects for Zero Pressure Gradient (ZPG) boundary
layers. The wall-pressure spectrum is scaled by mixed variables: 6 is the boundary layer
thickness, Ue is the velocity at the edge of the boundary layer, and is the wall shear
stress. The timescale ratio is defined as the ratio of the outer time scale to the inner time
scale, RT = (o/U)/(v/u) where u is the friction velocity and v is the kinematic viscos
ity. The frequency is scaled by S/Ue. The spectrum has a slope of w2 at low frequencies. It
decays with a slope of w°7 at mid-frequencies and w at high frequencies. This model
is accurate over a wide range of Reynolds numbers [1011. Furthermore, it is considered
as a basis for the Adverse Pressure Gradient (APG) wall-pressure spectrum models.

Rozenberg model

Rozenberg et al. [1591 proposed a wall-pressure model based on the Goody model by
considering the variations between ZPG and APG flows. Firstly, the scaling factor for
both spectrum and frequency was replaced by the displacement thickness, 6*, instead
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of the boundary layer thickness, 6, since the former was found to be more accurate. Sec
ondly, the scaling for the pressure fluctuations was changed to the maximum shear stress
along the normal distance, T7nax. In addition, to characterize the effect of theAPG, three
parameters are defined: Zagarola-Smits’ parameter [2001, A = 6/8*, the Clauser equi
librium parameter [46], /3T = (8/r)(dp/dx), where 8 is the momentum thickness, and
the Coles wake parameter [47], Fl. It is found that Zagarola-Smits’ defect law provides a
better collapse than the defect law and exhibits an auto-similarity of the velocity profile
for the outer region. Thus, Zagarola-Smits’ parameter, A = 8/6*, is chosen as a driving
parameter for the APG. f3 is used to quantify the local pressure gradient even though the
tested boundary layers were non-equilibrium flows. 11 represents the large-eddy struc
tures in the outer region of the turbulent boundary layer. Coles [47] modified the law of
the wall with an additional wake parameter as:

+ 1 + 214 .

it — ln(y ) + C + — sin —) (3.6)
K K \261

where ii = u/UT = YUr/V, K = 0.41 is the von Karman constant, C 5.1 and the Coles’
wake parameter, 11, can be obtained by solving the following implicit equation numeri
cally:

KUe 6*Ue
211 —ln(Il + 1) —ln(————) —KC—lnK. (3.7)

UT V

Alternatively, LI can be estimated through an empirical formula proposed by Durbin and
Reif [67]:

LI 0.8(/3 + 0.5)1. (3.8)

It is pointed out that A and LI are influenced by the boundary layer history whereas
f3 is a local parameter. As A decreases, the amplitude of the spectrum increases at mid
and high frequencies and decreases for low frequencies. f3 and 14 are correlated; when
they increase, the peak amplitude gets higher and the slope of the overlap region gets
steeper.

Catlett model

Catlett et al. [39] developed a new empirical approach for APG boundary layers based on
the Goody model by testing three different trailing edge configurations for a flat plate.
The scaling factor for the wall-pressure spectrum and frequency are kept the same as
Goody’s model. Similar to the Rozenberg model, the local pressure gradient is defined in
the form of the Clauser equilibrium parameter, f3,. However, the length and pressure are
scaled with outer boundary layer variables, fJ, where q 0.5pU is the dynamic
pressure and Uo is the local free-stream velocity. They found that when the parameters
a and c — h are plotted as a function of Po,Reo or J3 H, they fit into a power-law func
tion. A is the Rotta-Clauser parameter [46, 157] defIned as A = 6*,/(2/Cf), Cf rw/q

(ö,A)Ue *is the skin friction coefficient, Re6
=

are the Reynolds numbers and H = 6 /8
is the shape factor. Contrary to all the semi-empirical models investigated in this study,
the boundary layer thickness is deduced by a percentage of the turbulent kinetic energy,
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TKE(y=ô) 0.0002U [164].

Katnruzzainan model

Kamruzzaman et al. [110] modified the Goody and Rozenberg models to present a new
wall-pressure spectrum model for the airfoil trailing-edge noise prediction. Various
airfoils with different angles of attack and Reynolds number were used to develop the
model. They perform the same scaling factors for the normalization of the wall-pressure
spectra and frequency as in the Rozenberg model except that T,nax is replaced with ru,.
The spectral amplitude for all frequencies are modulated by the parameter a which is a
combination of LI and H while the rest of the parameters are kept constant by fitting

2

to the experimental data. Furthermore, the definition of RT is modified to RT =

to account for the boundary layer loading effects. The parameter is obtained by a
curve-fit proposed by Nash [136]:

G = + 1.81— 1.7, where H (i
—

with =. (3.9)

Finally, the Coles wake parameter is computed from Eq. 3.8 which is the same way as in
the Rozenberg model.

Hu & Herr model

Ru and Herr [981 developed a new model based on the Goody model by measuring the
unsteady pressure fluctuations on a flat plate. The adverse and favorable pressure gradi
ents were created by a NACAOO12 airfoil set at different angles of attack. Contrary to the
other models, they argued that the scaling factors for the wall-pressure spectra, Ø’j and

the frequency, are more suitable for APG flow. As a consequence, a better agreement
is observed when the timescale ratio, RT, is replaced by ReT. Moreover, it is acknowl
edged that the boundary layer profile is a main driving parameter for the wall-pressure
fluctuations. Thus, the spectral slope at medium frequencies is characterized by the
shape factor H, rather than the form of a Clauser’s equilibrium parameter fl, which fails
at accounting for rapid pressure gradient alterations. Lastly, it is explained that the low
frequency slope, w2, does not hold in the case of non-frozen turbulence and is better
modelled using b = 1.0. They also pointed out that the turbulence-turbulence term in
the Poisson equation gains importance over the mean-shear source term and exhibits a
plateau at low frequencies.

Lee model

Lee and Villaescusa [119] suggested an extended version of the Rozenberg model to pro
vide an accurate prediction for extensive applications. For convenience, the scaling fac
tor used in the normalization of the spectra, T,flax is replaced by r while keeping the
other scaling parameters the same. They found that the Rozenberg model performs an
early transition from the overlap region to high frequency region. Furthermore, at high
frequencies for zero and low pressure gradient flows, a rapid decay rate is observed. To
overcome this, the parameter 12 is modified as follows:
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h min(5.35, 0.139 + 3.1043/3, 19/v”) + 7, (3.10)

and if h is equal to 12.35, the following expression is used:

hmin(3,19/\/)+7. (3.11)

The Rozenberg model exhibits higher amplitudes at low and mid-frequencies for
low pressure gradient flows. Thus, the parameter d at the denominator is modified as
d = max(1.0,1.5d) if f3 < 0.5 to alter the trend. It should be noted that the param
eter d in the calculation of the parameter a is kept as in the original model. Lastly,
a correction is suggested for the parameter a to adjust the amplitudes for high /3 as
a* =max(1,(0.25/3c—0.52)a).
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3.4.2. THE INTEGRAL MODEL

As an alternative to the previously described models, the following statistical model pro
posed by Panton and Linebarger [142] and later by Remmler et al. [154] is also used in the
present paper. The incompressible Navier-Stokes equation is reformulated in the form
of a Poisson equation for pressure to express the wall-pressure fluctuations beneath the
turbulent boundary layer. With the assumption of statistically stationary and homo
geneous flow in the streamwise and spanwise directions, the Poisson equation can be
solved by using a Green’s function technique as:

2

(k1) 8p2 fff )2 S22(y,,w)
‘

‘ dyddk (3.12)

where k %/k + k, U1 is the streamwise velocity and y is the wall normal direction.
The energy spectrum of the vertical velocity fluctuations S22 is given as:

S22(y, 9,w)
=

A2 ff R22 cos(a,(w) i) cos(a,) did, (3.13)

where i4 is the root mean square of the wall-normal velocity fluctuations, A is the inte
gral length scale and a is the scale anisotropy factor which is the ratio of streamwise to
spanwise turbulent length scales which is defined by Remmler et al. [154[ as:

3, k,o<1

a= 0, 1k1o5. (3.14)

1, kö<5

The velocity correlation function R22 is modeled according to Panton & Linebarger 1142]:

R22= 1—
?2

e_2 (3.15)
2\/f2÷j2

with r2 1j2 + r Non-dimensionalisation of the integration coordinates and the wave
numbers was performed by the integrallength scale, fj rt/A, k1 = k1Aand= (y—9)/A.
The five dimensional integration in Eq. (3.12) is performed with a Monte Carlo method
using importance sampling for enhancing convergence to reduce the computational
cost of the numerical integration of the fivefold integration. The reader is referred to
Ref. 11541 for further details on the Monte Carlo method.

The vertical velocity fluctuations cannot be obtained from the k—w turbulence model
which assumes isotropic turbulence. However, the measurements performed by KIe
banoff 11131 for a zero pressure gradient boundary layer demonstrate that the veloc

—2
ity fluctuation components, u’s, are not constant fractions of 2k. He proposed an

—2
anisotropy factor for each component as f3 = u’1/(2k) where /3 is a non-universal
parameter depending on the types of boundary-layer flows. As a first approximation,
Remmier et al. 1154] proposed to use an anisotropy factor, which is obtained from a flat
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plate boundary layer simulation using a Reynolds stress transport model in which the
velocity fluctuation components can be obtained directly.

Panton & Linebarger have specified the length scale, A, as 1.5 times the Prandtl mix
ing length, 1m’ A = 1.5lm which can be calculated as = LC, where L is the turbulence
length scale. C,7 is a turbulence model constant and was chosen as 1.9 for the k—c2
SST [154]. The turbulence length scale, L, can be computed directly from the numerical
simulations in which the turbulence model provides the turbulent kinetic energy and
turbulent dissipation rate as:

k312
L=C_L. (3.16)

C

C1 is given as 0.09 and the turbulent dissipation, e, is calculated as c k . w.
The crucial parameters for the semi-empirical models are the boundary layer thick

ness, 6, the boundary layer edge velocity, Lie, the wall-shear stress, Tw and the fric
tion velocity, UT, which are the only variables in the Goody model. All the other non-
dimensional parameters can be derived from the boundary layer variables. In addition,
the Rozenberg, Kamruzzaman and Lee models used the Coles’ wake parameter, LI and
the Clauser equilibrium parameter, f3. Similarly, Catlett used a form of the Clauser pa
rameter in their model. The appeal of these approaches is that only the velocity pro
file normal to the surface is needed. In addition to the velocity profile, the Panton &
Linebarger model requires the turbulent kinetic energy and the specific dissipation pro
files.

3.5. CouPIiiG WITH CFD
The wall-pressure models require a description of the turbulent boundary layer at the
trailing-edge which can be obtained by a panel method coupled with an integral bound-
ary layer formulation as in the XFOIL software [611 or through a HANS simulation. The
first approach is found to be rapid and accurate at low Reynolds number [1671 and has
been used for wind turbine [22, 1861 trailing-edge noise applications. The global tur
bulent boundary layer variables (except the boundary layer thickness) can be obtained
directly as an output, and the boundary layer thickness and velocity profile along the
wall-normal direction are approximated. In contrast, the latter approach provides the
turbulent boundary layer profile in which the required variables can be derived from

HANS simulations. Since the prediction of the wall-pressure spectrum depends on the
turbulent boundary layer just upstream of the trailing edge, it is important to correctly
simulate the physics and determine the adequate mesh resolution for the turbulence
model to increase the accuracy [441. This numerical procedure has proved to be suc
cessful for low-speed fan applications [154, 1591. In this thesis, this approach is further
extended for wind turbine applications.

The coupling between the BANS simulation and the acoustic prediction is given in
Fig. 3.4. After performing the BANS simulations, the BATMAN (Broadband And Tonal
Models for Airfoil Noise) in-house code of the von Karman Institute for Fluid Dynamics
(VKI) is used to perform the acoustic part. The BATMAN code is based on MATLAB and
Python routines. The VisualizationToolkit [1661 libraries in Python are used to read,
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data BL profiles : spectrum spectrum

Figure 3.4: Schematic of the coupling between the acoustic part and CFD.

modify and perform the necessary operation on the blade obtained from a geometry
or the HANS data in order to extract the boundary layer characteristics. Then, from a
given boundary layer profile input, it computes the wall-pressure spectrum based on
the selected model and the corresponding far-field spectrum using Amiet’s theory.

3.5.1. RANS APPROACHES FOR WIND TURBINES

The general methodology for wind turbine performance is to use a Blade Element Mo
mentum (BEM) model which is based on 1D momentum theory by discretizing the blade
into annular sections. In general, the experimental data for a stationary airfoil is used to
calculate the lift and drag coefficients as a function of angle of attack (a.o.a) and the
Reynolds number. Even though this method is widely used due to its simplicity, it is un
able to predict the off-design conditions 1681 and high a.o.a at stall conditions due to lack
of reliable experimental data [87, 89, 185]. Alternatively, the panel method and 2D HANS
simulation mentioned in Sec. 3.5 can be used as an input for this method. However,
amongst them only 2D HANS simulation can provide a boundary layer profile as an out
put for the wall-pressure spectrum models. For 2D HANS modelling, the k—c2 SST turbu
lence model proposed by Menter 1130] was proven to perform better than other models
for flows with strong pressure gradients [38, 117, 1901, including flows around isolated
wings [83, 1731. However, all the aforementioned methods are based on a stationary 2D
airfoil which disregards 3D flow around the tip and hub as well as the rotational effects.

The 3D flow and rotational effects have been noticed by Himmelskamp 194] through
experimental investigations of a rotating propeller. It is observed that the rotating blades
experience stall at a higher a.o.a than the equivalent 2D airfoil section resulting in a
higher lift which is known as rotational augmentation. In literature, several explanations
have been proposed to explain this phenomenon; however the discussion remains open.
Carcangiu et al. [36] suggest that the centrifugal force induced a radial velocity. Coriolis
forces couple with this radial component and act as a favorable pressure gradient in the
chordwise direction and thus delay the separation point toward the trailing edge. How
ever, both effects are found to be smaller at the outward region 143, 168]. To take into
account the rotational effect, the correction factors for lift and/or drag coefficients are
proposed by Snel at al [85], Du & Selig [62, 63], Chaviaropoulos & Hansen [43], Linden
burg [1261 and Dumitrescu & Cardos [65, 66]. Alternatively, another correction based on
the pressure coefficient is proposed by Bak et al. [16].

3D wind turbine simulations can be handled under different modelling approaches
depending on the complexity and the flow properties under investigation. When the
rotating part is considered in a moving reference frame, the problem can be modelled
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as a steady-state problem. In this case, the moving parts can be solved in the rotating
reference frame by accounting for the centrifugal and Coriolis force source terms in the
momentum equation. A Single Reference Frame (SRF) can be used if the entire com
putational domain rotates with the same speed with respect to a specified single axis.
The Multiple Reference Frame (MRF) method is a steady-state approach in which the
cell zones can be assigned at different rotational or translational speeds. The moving
cell zones are solved in the rotating frame while the stationary cell zones are solved in
the stationary frame. In this approach, the flow information passes directly between
the subdomains which means that the relative motion between the moving zone with
respect to the adjacent domain is not considered. This method is also referred to as a
‘frozen rotor approach”since the rotor is fixed in a specific location and the instanta
neous flow field is observed. When the unsteady interaction between the moving and
stationary part is of interest, a Sliding Mesh Method (SMM) can be implemented to cap
ture the transient phenomena. The sliding mesh method is the most accurate amongst
these methods to simulate the multiple rotating reference frames, but it is demanding in
terms of computational cost [187]. Since the mean boundary layer profiles are needed
in order to predict the wall-pressure spectrum, the MRF method has been chosen for the
3D simulation.

For the turbulence model, as it is stated by Tachos et al. [180], the k — !2 SST tur
bulence model performs better than the Spalart-Alimaras [175] and Renormalization
Group (RNG) k-c 11991 models for the NREL Phase VI rotor blade. Moreover, it has
been found in the literature that this model has been used extensively for wind tur
bines [81, 135, 143, 174].

It should be also taken into consideration that the RANS models are based on the
Boussinesq approximation, which assumes isotropic flow even though the flow is mostly
anisotropic. Moreover, the viscosity within the boundary layer is over-predicted, which
tends to artificially delay separation.

3.5.2. 3D AND 2D RANS APPROACH FOR FAR-FIELD NOISE OF A WIND TUR

BINE

This section describes the coupling of RANS simulations and the far-field acoustic cal
culation. As a first step, the 3D simulation of a wind turbine will be performed with the
k — c2 SST turbulence model using the MRF method. Next, the RANS data will be read by
the BATMAN in-house code. Then, the blade will be divided into equidistant strips and
the midspan of each section will be identified. The boundary layer profiles; the mean ax
ial velocity, the turbulence kinetic energy and the specific dissipation rate are extracted
at a specified point near the trailing-edge normal to the blade surface on the midspan lo
cation. By obtaining the boundary layer profiles, the wall-pressure spectrum can
be predicted at each strip location. For the far-field noise prediction, each strip is ap
proximated as a flat plate to obtain linearized strips, then the acoustic transfer function
is calculated at the observer position. This will be performed for sufficient azimuthal
positions for each strip locations and averaged.

The drawback of this approach is the time it takes to obtain a reliable simulation
and the post-processing of a 3D geometry. To this end, a 2D approach similar to BEM
is proposed as a simplification. The 3D and rotational effects are neglected in this case,
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which leads to obtain isoradius blade cuts, Therefore, from the geometry file, the blade
can be divided into several isoradius cuts to obtain the same relative velocity for the 2D
simulation. However, as the blade cut is performed at a certain radius from the center,
the obtained blade cuts are not planar but rather a curved surface. To obtain a planar
surface, the unwrapping process shown in Fig. 3.5 is applied. At each strip location (n),
the blade is cut with a cylinder having a radius of R,. The angle a,,7 is calculated for
each point (in), x,, yin,?, Z011, which is obtained by the intersection of the cylinder with
blade. Then, each new point location is found and projected on to the yz plane for 2D
simulations (x,fl,1, = (R,,a,011, z,n,,,O)).

y y

Strip,, , Yn,n, Zmn Strip,, ,‘nn Z,’nn

a,,,,,

_________

—

- a/t’1

X<çç
Zy1

(“1
‘“ Z,flfl

O)

Figure 3.5: Unfolding procedure for an isoradius cut.

After performing the 2D simulations for each strip location, the boundary layer pro
ifies are extracted at the same region as the 3D simulations and are imposed on the BAT-
MAN code as boundary layer proffles to follow the same procedure. The flowcharts of
these two processes have been demonstrated for 3 strips in Fig. 3.6. It should be noted
that all processes shown in the flowchart for the 2D approach are done by the geometry
ifie, so only a 2D mesh and 2D simulations are needed for the number of strips. The
results from these 2D simulations are then fed into the BATMAN code to perform the
far-field noise prediction at a given observer point.
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Figure 3.6: Implementation of the 2D approach.
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ACCURACY AND MESH SENSITIVITY

OF RANS-BASED TRAILING-EDGE

NOISE PREDICTION USING AMIET’S

THEORY FOR AN ISOLATED AIRFOIL

Airfoil self-noise is generated by the interaction of an airfoil with the turbulence that de
velops within its boundary layers and wake. According to Brooks et al. [31], it constitutes
the dominant noise producing mechanism in applications such as low-speed cooling
fans [45], wind turbines [20, 1381 or high-lift devices [147].

Following the framework developed by Amiet [8], the mechanism of trailing edge
noise generation can be represented as a scattering problem, where the convected wall-
pressure disturbances associated with the turbulent boundary layer radiate acoustic
waves to the far-field when they approach the trailing-edge discontinuity In this model,
the prediction of the acoustic field is based on a statistical description of the pressure
field underneath the incoming turbulent boundary layer. To this end, two families of
methods can be distinguished: i) based on a solution of the Poisson equation by in
tegrating velocity statistics over the boundary layer thickness, or ii) directly address
ing wall-pressure statistics through ad-hoc empirical models calibrated on experimental
databases. In both cases, a Reynolds-Averaged Navier-Stokes (RANS) simulation of the
flow field around the airfoil is in principle sufficient to provide the necessary input data,
as long as the near-wall boundary layer is resolved well enough. An objective of this
work is the comparison of the accuracy and numerical robustness that can be obtained
by both approaches, depending on the near-wall resolution of the RANS model.

The commonly recommended wall-normal resolution for a correct modelling of
boundary layer flows is < 1 for the first mesh node adjacent to the wall, where

= Y UT/V is the non-dimensional wall-normal coordinate with v the kinematic viscos
ity and UT \/7 the friction velocity based on the wall friction r and fluid density

41
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p. However, to authors’ knowledge, the influence of the grid near-wall resolution on the
determination of the wall-pressure spectrum models and far-field predictions have not
been addressed in the literature, despite the practical importance of the issue in terms of
cost vs. accurac Furthermore, the wall-pressure model is reconstructed near the trail
ing edge (x/c> 0.98) at where the applicability of some of the models is questionable.
This chapter addresses this aspect. Two paths are followed to estimate the wall-pressure
spectrum near the trailing edge, on the basis of HANS data. The first approach consists
in re-scaling non-dimensional wall-pressure models which are the Goody, Rozenberg,
Kamruzzaman and Lee models described in the previous chapter. The second approach
uses the Panton and Linebarger 1142] model based on an integration of the Poisson equa
tion, also described in Chapter 3. It involves a priori less restrictive assumptions about
the flow and should thus be more generally applicable. The wall-pressure spectra pre
dicted by those methods with different grid resolutions are then used to predict the far-
field noise prediction with Arniet’s theory.

4.1. NuMERIcAL SIMULATIONS

4.1.1. AIRFOIL CONFIGURATIONS

The two following airfoils, chosen from the BANC benchmark database [92], have been
considered in this study: NACAOO12 and DU96-W-180 with a sharp trailing edge. The
NACAOO12 is a zero cambered airfoil with 12% maximum thickness. The DU96-W-180
airfoil has a maximum thickness of 18% and has a 25% maximum camber at the 36.4%
position of the chord. The dimensions and the operating conditions are given in Ta
ble 4.1. The NACA airfoil is tripped at 0.065% of the chord, both on the suction side
and the pressure side, and is measured in the Laminar Wind Tunnel (LWT) of the Uni
versity of Stuttgart 1911. For the DU96-W-180 airfoil, a trip strip is located at x/c 0.05
for the suction side and x/c 0.1 for the pressure side 1911. The NACAOO12 experimen
tal database includes the pressure distribution along the airfoil, velocity profiles, wall-
pressure spectra and far-field noise measurements, while the DU96-W-180 database is
restricted to far-field acoustic measurements [911. The far-field spectra are computed at
an observer distance of r = 1 m and for a wetted span of b = 1 m. 8r is the angle from the
listener with the origin along the streamwise direction.

Table 4.1: Airfoil configuration

Airfoil a.o.a c Re U p
° m - rn/s kg/rn3

NACAOO12 0 0.4 1.5x106 56 1.181

DU96-W-180 4 0.3 1.13 x 106 60 1.164
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4.1.2. CoMPuTATIoNAL SETUP
Steady two dimensional (2D) RANS simulations are performed with the open source CFD
solver OpenFOAM 4.0 using the k—cl SST turbulence model proposed by Menter [130].
The simulations are performed assuming turbulent flow along the full chord of the air
foils. A turbulence intensity of 0.1%, is applied at the inlet of the computational domain.
The boundary conditions at the inlet are chosen as Dirichlet boundary conditions for all
the variables except the pressure for which the gradient is set to zero. At the airfoil sur
face, low-Reynolds number wall functions are used for the kinetic energy k, the turbulent
viscosity v and the specific dissipation 2. A no-slip condition is applied for the velocity
and the pressure gradient is set to zero. At the outlet,the gradients of all variables are set
to zero expect for the pressure that is imposed to be zero. Symmetric boundary condi
tions are applied at the top and bottom boundaries. The incompressible solver simple-
Foam is used to perform the simulations. Second order accurate schemes are used with
the under-relaxation of 0.7 for U, k, 2 and 0.3 for p.

4.2. MESH SENSITIVITY
The mesh is created with ANSYS ICEM. The mesh topology is based on the C-Grid type,
which is here combined with an H-Grid, to optimize the skewness of the cells. The
growth rate is chosen as 1.05 and the number of hexahedral cells can be found in Ta
ble 4.2 depending on the mesh refinement.

The domain size convergence is tested with two different configurations. The first
configuration has a lOc length in the wall normal direction, 5c and lOc in the upstream
and downstream directions, respectively. The second configuration is increased to 20c
in the wall normal direction, lOc and 30c in the upstream and downstream directions,
respectively. It is verified that the two domain sizes yield the same pressure coefficient
along the airfoil and vertical velocity profile at x/c 0.99. As a result, the domain with
lOc lateral extent has been retained for the further calculations.

The generally recommended wall normal spacing for wall bounded flows is < ,

i.e. well within the laminar sublayer. In this study different values starting from the
coarsest, = 10, to the finest, y4 < 1, are investigated for both airfoils as listed in Ta
ble 4.2. It can be seen that for the DU96-W-180 airfoil, having 0.35 on the suction
side does not ensure yet the condition < 1 on the pressure side, so that the finest mesh
has been further refined to obtain <1 on both sides.

4.2.1. PRESSURE DISTRIBUTION AND BOUNDARY LAYER PROFILES
As mentioned in Section 3.4, the semi-empirical models require as input only the mean
velocity profile, and the streamwise pressure gradient for those models that account for
its effect, whereas the Panton & Linebarger model necessitates also turbulence profiles.
Both pressure distributions along the airfoil and boundary layer statistics have thus been
considered in the analysis below.

NACAOO12 RESULTS

The pressure coefficient along the NACAOO12 airfoil and the boundary layer profiles at
x/c = 0.99 are investigated with respect to different wall normal spacings given in Ta
ble 4.2. The pressure distribution given in Fig. 4.1(a) appears insensitive with respect to



4. AccuRAcYAND MESH SENSITIVITY OF RANS-BASED TRAILING-EDGE NOISE

44 PREDICTION USING AMIEr ‘S THEORY FOR AN ISOLATED AIRFOIL

Table 4.2: WaIl normal spacing for two airfoils

Mrfoils Ay/cx i03 Number of cells Mi y Max.
atx/c=0.99%

Suction side Pressure side

0.6 81876 4 21 11.31

NACAOO12 0.3 93368 2.92 13.5 5.34

0.05 125192 0.5 2.5 0.82

0.01 154364 0.1 0.5 0.17

2 76363 7 37.5 10 23.2

0.8 89636 3 22 4.2 13.8

DU96-W-180 0.4 100867 1.11 15 1.53 8.14

0.1 126392 0.13 5 0.35 2.1

0.01 173358 0.019 0.5 0.04 0.2

the different grid refinements. A good match with the experiment [91] is obtained except
for the transition region, x/c 0.05, which is expected as the present simulations assume
fully turbulent flows. The velocity profile shown in Fig. 4.1(b) is also pretty much insen
sitive to the mesh refinement and matches fairly well the experimental data too [93]. The
maximum turbulent kinetic energy (Fig. 4.1(c)) is seen to vary more significantly, further
more its convergence cannot be definitely concluded considering its non-monotonous
evolution with respect to the grid spacing. The difference between the finest mesh to the
coarsest mesh is found to be 11%. The specific dissipation profile (Fig. 4.1(d)) exhibits
insensitivity to the mesh resolution from the wall till y/c 0.01. Above this value, small
changes are observed with respect to different grid sizes.

DU96-W-180 RESULTS

The results obtained for the DU96-W-180 airfoil with the mesh refinements given in Ta
ble 4.2 are shown in Fig. 4.2. As for the NACAOO12 airfoil, the pressure distribution ap
pears insensitive with respect to the grid size (Fig. 4.2(a)). The profiles of mean axial ve
locity, turbulent kinetic energy and specific dissipation extracted at x/c 0.99 are given
in Fig. 4.2(b),(c) and (d), respectively. It appears that the results obtained for the pres
sure side are less mesh-dependent than for the suction side, with the exception of the
specific dissipation. The suction side boundary layer tends to thicken with the mesh re
finement, while the pressure side boundary layer thickness remains overall unaffected.
It is also observed that the coarsest mesh is unable to capture the velocity profile below
y/c < 0.002. Consistently with the NACAOO12 results, the turbulent kinetic energy profile
exhibits a somewhat larger mesh sensitivity than the other quantities, with a maximum
at the suction side that increases and shifts slightly upwards with finer meshes. The dif
ference between the coarsest and the finest grids is around 16%. The kinetic energy pro
file on the pressure side is less affected. In contrast with the other quantities, the specific
dissipation profile displays a slightly larger sensitivity on the pressure side than on the
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Figure 4.1: Pressure coefficient along the airfoil and non-dimensional boundary layer profiles at x/ C = 0.99
from the leading edge with different grid sizes for the NAA0012 airfoil; suction side; (—), y 5 - 4,

1 (— — ), y 0.2 1—’—) and experiments (°) from Ref. [921.

suction side (Fig. 4.2(d)).

4.2.2. CALcuLATIoN OF THE GLOBAL VARIABLES
In Section 3.4, it is noted that the commonly used approach to determine the boundary
layer thickness, ö, is to find the location where the boundary layer edge velocity, Ue, is
0.99% of the free-stream velocity U5 = 0.99 U. However, this approach is not applicable
in the presence of the adverse pressure gradient due to the fact that the free stream veloc
ity, U, does not converge to a certain value. In the following, three different approaches
for defining the boundary layer thickness are presented:

1. Herr et a1. 1921 proposed to determine the boundary layer thickness at the inflec
tion point.

2. the boundary layer thickness is defined as the distance where the turbulent kinetic
energy is equal to TKE(o) 0.0002U [39].
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3. the boundary layer thickness is defined as the position at which the total pressure
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Figure 4.2: Pressure coefficient along the airfoil and non-dimensional boundary layer profiles at x/c = 0.99
from the leading edge with different grid sizes for the DU96-W-180 airfoil; y 23 1—), y .. 14 (- -

8 (— —‘), y 2 ( . ...), y 0.2 C ) and (line-symbols: suction side, line: pressure side).

is 99% of the maximum total pressure.

The boundary layer profile normal to the surface is extracted at x/c 0.99 from the
leading edge. Figure 4.3 represents the position of the boundary layer thickness and the
corresponding edge-velocity for NACAOO12 at 00 angle of attack with three different ap
proaches mentioned previously. The inflection point method in Fig. 4.3(a), where the
second derivative of the streamwise velocity with respect to the wall-normal distance
changes the sign, proposed by Herr et al. [92] is challenging since the second deriva
tive is noisy and over-estimated the value which is not shown in the Fig. 4.3. Thus, the
inflection point is determined from the minimum value of the first derivative. The sec
ond approach is to assign the boundary layer thickness from the kinetic energy where
TKE(ö) = 0.0002U [39] (Fig. 4.3(b)). This method is more straightforward since the
right-hand side of the equation is a known value. The last method considered in this
paper is to locate 8 at which the total pressure is 99% of the maximum total pressure.
Even though the approach seems similar to the commonly used method, U5/U 0.99,
it guarantees that the total pressure becomes constant above the boundary layer thick-
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Figure 4.3: Determination of the boundary layer thickness and the corresponding boundary layer edge velocity
with three different methods for the NACAOO12 airfoil at 00 angle of attack obtained at x/c = 0.99 from the
leading edge.

ness (Fig. 4.3(c)). The values obtained using each methods are given in Table 4.3. The
next step is to investigate the sensitivity of the semi-empirical methods to the boundary
layer thickness and the boundary layer edge velocity obtained from three different ap
proaches. The momentum thickness, e, and displacement thickness, ö, are computed
for each method. The friction velocity, u, and Coles’ wake parameter, LI, are found by
fitting the velocity boundary layer to the law of the wake.

The effect of the different boundary layer thicknesses and edge velocities on the wall-
pressure spectra predicted by the Goody, Rozenberg and Catlett models are shown in
Fig. 4.4, and are compared with experimental data. The other models are found to be
insensitive to these parameters and not presented in the paper. It is observed that the
Goody and Catlett models exhibit a similar behavior. The models are insensitive to the
boundary layer parameters at moderate and high frequency whereas 1 dB deviations oc
curs at low-frequencies. On the contrary, the Rozenberg model is sensitive to the bound
ary layer parameters for the low frequencies. From the point of maximum of, up to the
highest frequency a deviation of up to 2 dB occurs. The other models mentioned in Sec

C [-1
0 0.2 0.4 Rot 0.6 0.8

0406081
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(C) Third method.
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Table 4.3: Boundary layer thickness and boundary layer edge velocity obtained by three different methods for
the NACAOO12 airfoil at 00 angle of attack obtained at x/c = 0.99.

N
z

0

e

Method 6/c Ue/U 6*/c 8/c

1 0.0252 0.9231 0.0058 0.0035

2 0.0235 0.9202 0.0057 0.0034

3 0.0229 0.9186 0.0057 0.0034

Figure 4.4: Wall-pressure spectra prediction by different models at x/c = 0.99 from the leading edge for the
NACAOO12 airfoil at 00 angle of attack; Rozenberg (—), Goody (—), Catlett (—) models and experimental
data from LWT F) 192]; l method (— —

2nd method ( —) and 3 method C—).

tion 3.4 are disregarded since they do not exhibit any sensitivity to the boundary layer
parameters. When the scaling parameters for the spectrum and the frequency are con
sidered, Goody and Catlett models are the only ones who used the same scaling. This
could be a possible explanation of their similar behavior even though their parametriza
tion is completely different. For the Rozenberg model, the driving parameter for the
trend is mainly A which appears only in this model. Overall, it is observed that the first
method over-predicts the boundary layer parameters and under-estimates the high fre
quency part for the Rozenberg model. The drawback of the Catlett et al. [39] method is
that when the simulations are performed by a two-equation turbulence model, it is not
always possible to acquire the turbulent kinetic energy, k accurately. Thus, in terms of
ease and direct comparison to experimental data, it is suggested that the boundary layer
thickness obtained by the total pressure method is more suitable. Consequently, this
method has been applied to all the results presented herein after. Furthermore, the ex
perimental data is dominated by the background noise after 15 kHz, thus the frequencies
higher than this will be neglected for the following parts.

5 10 15 20
f [kHz]
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The other discrepancy found in Section 3.4 regarding the semi-empirical models is
the determination of H and /3c. These parameters are only in the Rozenberg and Kam
ruzzaman models. In both models, H is calculated from Eq. 3.8 whereas f3 is calculated
from Eq. 3.9 for the Kamruzzaman model. However, in the present study, IS is obtained
from solving Eq. 3.7 implicitly as well as finding the best fit with the law of the wake
whereas the 13c value is calculated directly from the definition of the Clauser’s equilib
rium parameter, which is the same method as the Rozenberg model. The corresponding
values for two models are given in Table 4.4 and compared with the experimental data
in Fig. 4.5.

Table 4.4: Values of H and f3c obtained from different equations.

Models Fl f-3c H

(O/r)(dp/dx) Eq.3.7 Eq.3.9 Eq.3.8

Rozenberg -

5.2832 2.2931 2.9834
Kamruzzaman 5.1670

In the general form of the wall-pressure spectrum given in Eq. 3.5, the parameter a,
which alters the amplitude of the spectrum, is driven by Fl for the Rozenberg model while
11 and tic for the Kamruzzaman model. The corresponding values are given in Table 3.1.
Figure 4.5(a) shows an increment of 1 dB over the whole range of the spectrum when
the Fl value is increased by 30%. For the Kamruzzaman model, even though 13c value
is reduced by 2%, which should result in a decrease on the amplitude of the spectra,
an increment of less than 1 dB is observed since the increment of H is more dominant.
Furthermore, the comparison with the experimental data reveals that the amplitude for
the low and mid frequencies are captured better with the newly calculated variables.
However, the higher frequency part is over-estimated for both models. In conclusion,
this analysis demonstrates that there is not a certain method that gives the most accurate
prediction. Depending on the definition of the variable the spectrum of the amplitude
changes around ±1 dB. The wall-pressure spectra presented herein after are calculated
by the methods considered in the current study which provide better predictions for the
higher frequencies. The comparison of the models with respect to the experimental data
is investigated in the Sec. 4.2.3.

4.2.3. PREDIcTIoN OF THE WALL-PRESSURE SPECTRA AND FAR-FIELD
TRAILING EDGE NOISE

Based on the above results, the impact of the mesh resolution on the noise obtained
by means of the semi-empirical models is evaluated for the DU96-W-180 airfoil only,
since the NACAOO12 pressure distribution and mean velocity profiles are fairly mesh
insensitive. In contrast, the boundary layer turbulent kinetic energy proffles, used as in
put for the Panton & Linebarger model, showed more significant discrepancies for both
the NACAOO12 and DU96-W-180 airfoils.
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N

e

(a) Rozenberg model. (b) Kamruzzaman model.

Figure 4.5: The comparison of the wall-pressure spectra which is calculated by different definition of fir and
H; (—) is calculated by H obtained from the Eq. 3.7 and fir from (O/rju)(dp/dx); (— — -) is calculated by
H obtained from the Eq. 3.8 for both models and flc is calculated from Eq. 3.9 for only Kamruzzaman model;
experimental data from LWT(0) [92].

NACAOO12 RESULTS OBTAINED USING PANTON & LINEBARGER INTEGRAL APPItOACI-l

The wall-pressure spectra predicted by the Panton arid Linebarger fl42] model is shown
in Fig. 4.6(a) where the dimensionless frequency is obtained by the values in Table 4.5.

Only the suction side results are displayed for this symmetric airfoil at 00 angle of at
tack. It has been verified that the variations that can be observed for dimensionless
frequencies below 0.7 are due to an insufficient convergence of the Monte-Carlo inte
gration leading to uncertainties of around 3 dB, and the results below that frequency will
not be further discussed.

It is observed that the fluctuation amplitude obtained with y 11 deviates from
the others by about 3 dB for middle frequencies. The difference decreases for higher
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(a) \Vall-pressure spectrum at xJc 0.99. (b) Far-field third-octave noise spectrum.
Figure 4.6: Wall-pressure spectra prediction by the Panton and Linebarger [142] model and the corresponding
far.lnleld noise prediction with different grid sizes: y 11 (—1. j’ 5 (— — 1, y 1 ( —. I, y 0.2 (— ‘—).
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frequencies. Logically, the same observation can be made for the 1/3-octave band far-
field trailing edge noise prediction. This must be attributed to the differences observed
in the turbulent kinetic energy profiles in Fig. 4.2(c). It can be concluded that y < 5
yields a convergence towards the finest mesh sound spectra within 1 dB.

NACAOO12 RESUIIS OBTAINED USING TI-IL SEMI-EMPIRICAl. AND INTEGRAL APPROACHES

In terms of absolute validation, the wall-pressure spectra predicted by the seven mod
els depicted in this paper for the NACAOO12 airfoil, and the corresponding 1/3-octave
band far-field noise spectra, are compared in Fig. 4.7 with experimental data obtained
in DLR’s Acoustic Wind-Tunnel Braunschweig (AWB), JAG Laminar Wind Tunnel (LWT)
and UF Aeroacoustic Flow Facility (UFAFF) 1921. Considering the wall-pressure spectra
firstly, it can be first observed that the ZPG model of Goody performs poorly as shown in
Fig. 4.7(a), which is sensible considering the non-negligible APG near the trailing edge of
this airfoil. Models including an APG correction proved to yield much better agreement
with experimental data except for the Catlett and Herr & Hu models. They share a com
mon point; both of them performed their experiments on a flat-plate where a APG flow is
created with trailing-edge sections 1391 or a rotational airfoil [98] and obtained satisfac
tory results. Even though, they compared their model with Rozenberg’s model, they have
not performed any predictions for airfoil flows. There, it can be deduced that these mod
els are unrepresentative for airfoils. The Rozenberg model demonstrates a good match
for the high frequencies whereas the maximum amplitude is underestimated.

a a
80 a

— - —
‘S

.:--.-.‘.N.
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70

65

wIU0 [-[

(a) Wall-pressure spectrum at x/c = 0.99. (b) Far-field third-octave noise spectrum.

Pigure 4.7: Far-field noise prediction by different wall-pressure spectrum models for the NACAOO12; Goody
), Rozenberg (—), Catlett (- . —), Kamruzzaman (— ‘— ), Herr & Ho (— —), Lee ( ), Panton &

Linebarger (- - .) models and experimental data from LWT H AWB (0), UFAFF (A).

Kamrazzumari model, which is developed by considering airfoil flows, performs bet
ter compared to the previous models. The model under-predicted below wö*/Ue <0.7
and over-predicts above that range. When the formalization is considered, all the pa
rameters are constant except the parameter a which is a function of H and /3 and only
regulates the spectrum amplitude. Thus, increasing the amplitude by changing those
parameters will perform a better match for the peak region whereas worsen the higher
frequencies. Furthermore, it is observed that by reducing the parameter d, the peak

kc [-]
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point of the spectra shifts to the lower frequencies as well as the amplitude of the fre

quencies below the peak point increases which is lacking in this model. Thus, it can be
concluded that this model provides a good prediction around ±3 dB above the middle
frequency range regarding to its simplicity. The Lee model provides results identical to
those of the Rozenberg model in this case. The reason as stated in Sec. 3.4 is that only
the a, d and 12 parameters are modified to take into account the aforementioned issues.
These parameters are a function of f3 or RT. In this airfoil case, a and d parameters
give the same value as in the Rozenberg model and the value of the h parameter is only
slightly different (see Table 4.5 for the values.). The statistical model proposed by Panton
& Linebarger, captures the trend for all the cases, however, under-predicts around 3 dB.
The possible reason for the under-estimation is due to the anisotropy factor applied for
the wall-normal velocity fluctuations which are obtained from a flat-plate. However, for
APG flows, it is expected to be higher.

Table 4.5: Boundary layer parameters.

NACAOO12 QO

U5/U 0.9186

6/c 0.0229
6*/c 0.0057

0/c 0.0034

u/U00 0.0277

A 4.02

RT 28.80

H 2.2931

I3 5.2832

H 1.676

A 0.2056

About the far-field noise predictions, the results shown in Fig. 4.7(b) confirm that the
Goody, Catlett and Herr & Hu models model yield a poor agreement with experimen
tal data. A good match is obtained using the Rozenberg and Lee models and the UAFF
and AWB dataset for the highest frequencies kc > 60. The Kamruzzaman model per
forms well for the middle range but over-predicts the highest frequencies by about 2 dB.
Comparison with theAWB data shows that the model of Panton & Linebarger gives good
results below kc < 20 but under-predicts slightly the higher frequencies. A possible im
provement could be the reconstruction of the streamwise velocity fluctuations with an
anisotropy factor accounting for pressure gradient effects.

DU96-W-180 RESULTS

The variables required by the semi-empirical models have been determined process
ing the boundary layer profile data shown in Fig. 4.2, to yield the values given in Ta-
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ble 4.6. Noteworthy, the Clauser parameter for the pressure side is negative, indicating a
FPG, while its value for the suction side is largely positive corresponding to a significant
APG. This will lead to distinct observations concerning the respective contributions of
the pressure side and suction side boundary layers to the far-field noise spectrum. In
this section all the APG models except the Catlett and Ru & Herr models, which result
in poor prediction with the mild APG flows, will be investigated with their base model,
Goody.

Table 46: Global variables with different yf values.

side y 6/c Lie/tic,0 U/U,c, 6*/c 0/c Fl /3

10 0.0379 0.918 0.0149 0.0132 0.0059 8.42 15.05

. 4 0.0407 0.922 0.0133 0.0153 0.0063 10.13 17.34
Suction side

1.5 0.0399 0.922 0.0122 0.0156 0.0061 11.30 20.84

0.3 0.0414 0.922 0.0122 0.0165 0.0065 11.22 22.32

0.04 0.0409 0.921 0.0118 0.0167 0.0065 11.54 21.11

23 0.0216 0.8908 0.0326 0.0034 0.0024 1.329 -1.95

. 14 0.0187 0.892 0.0341 0.0034 0.0024 1.004 -2.06
Pressure side

8 0.0194 0.894 0.0329 0.0038 0.0026 1.21 -2.32

2 0.0182 0.895 0.0340 0.0036 0.0024 1.01 -2.36

0.2 0.0189 0.897 0.0335 0.0039 0.0026 1.07 -2.55

The dimensionless frequency for wall-pressure spectrum is obtained by the global
variables’ values for the finest mesh size on the suction side given in Table 4.6. The wall-
pressure spectra predicted by the Goody model are given in Fig. 4.8(a). Quite different
mesh convergence behaviors are obtained for the suction and pressure sides. While on
the pressure side the wall-pressure spectra appear to be fairly independent of the mesh
resolution, for the suction side each mesh refinement leads to a significant reduction
of the amplitude to eventually reach convergence for comprised between 0.3 and
0.04. But since the suction side contribution to the far-field is largely dominated by the
pressure side contribution in this model, the far-field noise prediction turns out to be
insensitive to mesh resolution. The result is a spectrum (Fig. 4.8(b)) that is only coinci
dentally matching the measurements at high frequencies, the overall trend being clearly
missed. As remarked above for the NACAOO12 airfoil, the fact that the Goody model ne
glects pressure gradients effects is the likely cause of a misrepresentation of both pres
sure and suction side wall-pressure spectra.

The Rozenberg model applied to the suction side data yields the wall-pressure spec
tra shown in Fig. 4.9(a). The mesh sensitivity is found weaker for the low frequencies
than for the high frequencies, where the coarsest mesh resolution in particular devi
ates by up to 6 dB compared with the finer mesh results. The data for the pressure side
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(a) Wall-pressure spectrum at x/c = 0.99. (b) Far-field third-octave noise spectrum.

Figure 4.8: WaIl-pressure spectra prediction by the Goody [791 model and corresponding the far-field noise
prediction with different grid sizes for the DU96-W-180. Pressure side (plain): j’ 23 (), y 14 ( —

y8(--),y2(”-),y0.2( );suctionside(.): y 10(—),y 4(- --),j’1.5(--),
0.3 ( ) y 0.04 ( ); experiments [92]: 0

have not been used in the Rozenberg model following the recommendations of Rozen
berg et ad. [159] themselves, who advised against using their model for FPG. However,
the Goody model has been presumed to be applicable to the pressure side, owing to the
moderate FPG that is reported in Table 4.6. Consequently, the far-field noise prediction
shown in Fig. 4.9(b) has been obtained using the Rozenberg model for the suction side
and the Goody model for the pressure side. The result is a spectrum exhibiting higher
levels at low frequencies than using the Goody model for both sides, thereby reducing
somewhat the gap with the experimental data. The spectrum a high frequencies being
dominated by the pressure side contribution, it is similar to that shown in Fig. 4.8(b). The
combined model remains overall unable to capture both the trend and the amplitude of
the measured sound field. In terms of mesh dependency, it is observed that the results
are insensitive to the mesh size even though the coarsest mesh on the pressure side is
around y 23.

The wall-pressure spectra obtained using the Kamruzzaman model in Fig. 4.10(a)
exhibit variations of about 4 dB between the coarsest and the finest grid sizes for the
suction side, converging within 2 dB for yf less than 4. A smaller sensitivity is found
for the pressure side, especially at high frequencies. Interestingly, for the suction side
a mesh refinement induces an increase of the low-frequency levels and a reduction of
the high-frequency content with little impact around w6*/U 1.2, while the effect is
more uniformly distributed for the pressure side. The combination of the pressure and
suction side sensitivities yields a far-field noise prediction in Fig. 4.10(b) that is fairly
mesh-independent for frequencies above kc> 10, where the model provides also fair
agreement with experimental data. The levels are under-predicted by about 3 dB at lower
frequencies.

The Lee model performs similarly to the Rozenberg model in terms of mesh sensitiv
ity (Fig. 4.11(a)), but gives significantly higher levels (up to B dB) as a result of modifying
the A parameter. This model is also inapplicable to FPG flows so that the Goody model is
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again used for the pressure side contribution. The far-field noise prediction reveals that
small mesh-induced variations occur for frequencies below kc <10, where the measured
acoustic levels are again under-predicted. The change of slope at higher frequencies is
due to the switch of predominance from the suction side to pressure side.

Finally, the wall-pressure spectrum prediction by the Panton & Linebarger integral
model is given in Fig. 4.12(a). The suction side contribution dominates the radiated
spectrum for dimensionless frequencies below 2, consistently with the results obtained
using the Kamruzzaman model. The finest mesh size yields higher amplitudes for di
mensionless frequencies below 2 and reduced levels above it. The overall amplitude dif
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(a) \‘Vall-pressure spectrum at x/c = 0.99. (b) Far-field third-octave noise spectrum.

Figure 4.9: Wall-pressure spectra prediction by the Rozenberg [159] model on the DU96-W-180 airfoil suction
side and far-field noise prediction combining this result with Goody’s model for the pressure side. Suction side
(I): y 10 (), y 4 ( - ), y 1.5 (), y 0.3 (— ‘-), y 0.04 ( ); pressure side: see legend
of Fig. 4.8; experiments 1921:0.
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(a) Wall-pressure spectrum at x/c = 0.99. (b) Far-field third-octave noise spectrum.

Figure 4.10: Wall-pressure spectra prediction by the Kamruzzaman 11101 model and corresponding far-field
noise prediction with different grid sizes for the DU96-W-180. Pressure side (plain): y 23 1—), y 14
(---)y B(--’),y 2(-”-),y 0.2( );suctionside (.): y 10(—),y 4 t---)y 1.5

), y 0.3 ( . . ), y 0.041 . ‘ ); experiments 192]: D

ro6 /U 1-] kc [-]
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(b) Far-field noise prediction.

10 10

(06/Ue []

(a) Wall-pressure spectra prediction.

Figure 4.11: WaIl-pressure spectra prediction by the Lee 11191 model on the DU96-W-180 airfoil suction side
and far-field noise prediction combining this result with Goody’s model for the pressure side. Suction side (.):

10 C—), y 4 (- - -), y 1.5 (——), y 0.3 (— —), y 0.04 C ); pressure side: see legend of
Fig. 4.8; experiments [921:0.

ference remains around 2 dB between the finest and the coarsest mesh. For the pressure
side, the difference between the coarsest and the other meshes increases more signifi
candy above wö* /U5 >2. This could be related to the discrepancies mentioned above for
the velocity and specific dissipation profiles (Fig. 4.2(a) and 4.2(b)). The far-field noise

prediction shown in Fig. 4.12(b) shows that the stronger pressure side variability has

a significant effect on the predicted sound spectrum, unexpectedly providing a better

agreement with experiments for the coarsest mesh. Apart from this - likely coincidental
- effect, the mesh-related variability of the predicted spectra remains within 2 dB. The
overall comparison with the measured sound spectrum is overall good, with substantial
improvetnents at the lowest frequencies compared with the semi-empirical models.

4.3. EFFECT OF THE PROBE LOCATION ALONG THE AIRFOIL

In the previous section, the far-field noise are performed by the wall-pressure spectra
which are obtained from the boundary layer profiles extracted at the x/c 0.99. How
ever, it is observed that the Rozenberg and Lee models are inapplicable at the location
where the boundary layer is exposed to a FPG flow. The focus of this section is to inves
tigate the effect of the pressure gradient on the wall-pressure spectrum and the far-field
noise prediction along the airfoil chord by extracting the boundary layer profiles from
different probe locations, x/c 0.9 till 0.99, for the DU96-W-180 airfoil. Later, the wall-
pressure spectra models will be computed for each probe location to investigate the sen
sitivity on the local quantities. The velocity proffle in Fig. 4.13 shows that the APG has a
significant effect on the suction side. Hence, the value of integral boundary layer param
eters (ö, ö and 6) and the wake parameters (11, /3) increase and the other parameters:
U5 and UT decrease as shown in Tab. 4.7. For the pressure side, the APG is present until
y/c 0.05 which can be deduced from the pressure coefficient in Fig. 4.2(a). After that
location, there is a favorable pressure gradient, /3 <0 (see Tab. 4.7). The turbulent kinetic
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(b) Far-field noise prediction.

Figure 4.12: WaIl-pressure spectra prediction by the Panton & Linebarger Panton and Linebarger [142] model
and corresponding far-field noise prediction with different grid sizes for the DU96-W-180. Pressure side
(plain): y 23 (—), y 14 C- — ), yf 8 y 2 (....), y 0.2 ( ); suction side (a): y 10
(—), y 4 ( •) y 1.5 (..) y 0.3 (.‘—), y 0.04 ( ); experiments 1021:0.

energy profile given in Fig. 4.13(b) shows that the maximum value increases and shifts
up when the probe location is closer to the trailing-edge on the suction side. Contrary,
the peak point decreases and above y/c 0.0053 shifts upwards for the pressure side.
Fig. 4.13(c) demonstrates that the specific dissipation profile decreases from surface till
y/c 0.02, and switches the behavior for the suction side. The same trend is observed for
the pressure side except, this time, the switching point changed to y/c 0.01. Overall, it
can be interpreted that the effect of probe location on the suction side appears stronger
than on the pressure side. The graphical of the values given in Tab. 4.7 are reported in
AppendixA.

In this section, the Goody model is not considered since it provides poor predic
tions with respect to the other models. The effect of the probe location on the wail-
pressure spectra predicted by Rozenberg’s model is shown in Fig. 4.14(a). The frequen
cies for the wall-pressure spectrum are non-dimensionalized by the global variables’ val
ues for the x/c = 0.01 on the section side. It has been observed that the lower frequen
cies wô*/Ue < 0.5 are less sensitive to the probe location than the higher frequencies
on the suction side and the amplitude decreases when the probe location gets closer
to the trailing-edge which is due to the smaller values of Fl and A. However, the devi
ation is less than 3dB above the frequencies wö*/Ue > 5 for the pressure side until the
probe location x/c 0.97 where the flow is exposed to FPG. After that point, the behavior
of the response completely changes. The far-field noise prediction given in Fig. 4.14(b)
shows that the low frequencies are under-estimated and the slope is not captured. In
contrast with the NACAOO12 airfoil results, the decay at the highest frequencies isn’t ob
served. The wall-pressure spectrum on suction side predicted by Kamruzzaman model
indicates that the amplitude of the spectrum increases along the airfoil chord starting
from 8dB till w6*/Ue 1.4 due to the parameter a (Fig. 4.15(a)). Above these frequen
cies, the decay of the overlap region becomes steeper which is regulated by the param
eter, RT and reaches around 12 dB. The pressure side seems rather insensitive to the

W6IUe [] kc [1

(a) Wall-pressure spectra prediction.
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Figure 4.13: Non-dimensional boundary layer profiles for Ihe DU9B-W-180 along the airfoil chord; x/c = 0.9

(—), x/c = 0.93 (- - 1 x/c = 0.95 (— — ), x/c = 0.97 (— . —) and x/c = 0.99 ( ); (line-symbols: suction side,

line: pressure side).

probe location except at x/c = 0.99 for which the maximum difference is around 2 dB.

The far-field noise prediction exhibits a 4 dB increase in the amplitude starting from the

low frequencies till kc 10. The slope after this range is well captured. The same be
havior is observed with the Lee model for the suction side as the Kamruzzaman model
(Fig. 4.16(a)). The amplitude of the spectrum for the low frequencies is increased around
10 dB with the modification of the parameter a. For the pressure side, the model starts
to deviate after x/c 0.97 and becomes inapplicable. The far-field noise prediction re
veals that the model is unable to capture the amplitude for the low frequencies. The de
cay has been observed for the frequencies between 10 < kc < 87 whereas over-predicted
around 4dB. The highest frequency decay kc > 87, is not captured by the model in the
presence of FPG flow. The wall-pressure spectrum prediction by Panton & Linebarger’s
model shown in Fig. 4.17(a) shows that when the probe position on the suction side ap
proaches the trailing-edge, the amplitude increases for the dimensionless frequencies
below wö*/Ue <0.8 and decreases up to 8dB for the frequencies above wö*/Ue > 0.8.
Closer to the trailing-edge, a deviation is observed starting from wö/U5 > 4 up to 3dB
for the higher frequencies on the pressure side. The far-field noise prediction given in

u/u= [-]

(a) Velocity profile.

(b) Turbulent kinetic energy profile. (c) Specific dissipation profile.
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Table 4.7: Global variables with respect to probe location.

x/c side ö/c Ue/Uo., U/Uco 6*/c 0/c fT /3

0 1
SS 0.0296 0.976 0.0210 0.0098 0.0049 5.10 8.16

PS 0.0179 0.894 0.0313 0.0040 0.0025 1.57 0.48

0.07
SS 0.0329 0.956 0.0183 0.0115 0.0054 6.34 11.22

PS 0.0184 0.888 0.0311 0.0042 0.0026 1.53 0.48

0 05
ss 0.0357 0.944 0.0163 0.0130 0.0058 7.55 14.07

PS 0.0188 0.888 0.0312 0.0042 0.0027 1.48 0.27

0.03
ss 0.0376 0.93 0.0141 0.0146 0.0062 9.12 18.48

PS 0.0189 0.890 0.0318 0.0042 0.0027 1.35 -0.55

001
SS 0.0409 0.921 0.0118 0.0167 0.0065 11.54 21.11

PS 0.0189 0.897 0.0335 0.0039 0.0026 1.07 -2.55

Fig. 4.17(b) exhibits that a deviation of 4dB above kc> 10 can be obtained with different
probe positions.

-.100 10’ 10

(a) Wall-pressure spectra prediction. (b) Far-field noise prediction.

Figure 4.14: Wall-pressure spectrum predicted by the Rozenberg 11591 model and corresponding the far-field
noise prediction on the DU96-W-180 airfoil varying extraction position along the chord; x/c = 0.9 (—),
x/c = 0.93 (- — -), x/c = 0.95 (— —‘), x/c 0.97 (—‘ —) and x/c = 0.99 ( ); (line-symbols: Suction side, line:
pressure side).

N

w6/U0 [-1 kc [-]
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4.4. CoNcLusioNs
This study focuses on the effect of grid spacing on the wall-pressure spectra and far-field
noise predicted for NACAOO12 and DU96-W-180 airfoils using Amiet’s linearized airfoil
theory. Two categories of wall-pressure spectrum models have been investigated. Firstly,
semi-empirical models have been considered, where the wall-pressure spectrum is re
scaled with the mixed boundary layer variables, thus only requiring the boundary layer
velocity profile (and for some models the pressure gradient) at the trailing edge. In this
category, the models of Goody (assuming ZPG), and Rozenberg, Kamruzzaman, Catlett,
Ru & Herr, Lee (accounting for APG effects) are compared. Secondly, an integral model
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(a) Wall-pressure spectra prediction. (b) Far-field noise prediction.

Figure 4.15: The wall-pressure spectrum predicted by the Kamruzzaman [1101 model and corresponding the
far-field noise prediction on the DU96-W-180 airfoil varying extraction position along the chord; x/c = 0.9
(—), xJc = 0.93 (— -), x/c = 0.95 (— —, ), x/c = 0.97 (— . . —) and x/c = 0.99 ( ); (line-symbols: suction side,
line: pressure side and experiments: D 1921).
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(a) Wall-pressure spectra prediction.

kc [-]

(b) Far-field noise prediction.

Figure 4.16: The wall-pressure spectrum predicted by the Lee [119] model and corresponding the far-field
noise prediction on the DU96-w-180 airfoil varying extration position along the chord; x/c = 0.9 (—),
x/c = 0.93 (— — ), x/c = 0.95 (— —), x/c = 0.97 C—’’ —) and x/c = 0.99 ( ); (line-symbols: suction side, line:
pressure side and experiments: 0 [921).
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(a) Wall-pressure spectra prediction. (b) Far-field noise prediction.

Figure 4.17: The wall-pressure spectrum predicted by the Panton & Linebarger [142] model and corresponding 4

the far-field noise prediction on the DU96-W-180 airfoil varying extration position along the chord; x/c = 0.9
(—), x/c = 0.93 (— - ), x/c = 0.95 (— —‘), x/c = 0.97 (— . . —) and x/c = 0.99 ( .. ); (line-symbols: Suction side,
line: pressure side and experiments: 0 [92]).

proposed by Panton & Linebarger is investigated, in which the wall-pressure spectrum
is obtained by integrating the Poisson equation. In addition to the mean velocity profile,
this model also requires the turbulent kinetic energy and specific dissipation profiles,
but is on the principle more generally applicable to flows with arbitrary pressure gradi
ents.

The grid sensitivity analysis is performed for both airfoils with different grid reso
lutions characterized by the value of non-dimensional wall units, at the extraction
location x/c 0.99. For the NACAOO12 airfoil, the coarsest grid resolution is yf 10 and
for the DU96-W-180 airfoil, y 10 on the suction side and y 23 on the pressure side,
and the finest grid resolution is below < 1 for both cases. It has been observed that the
pressure coefficient appears insensitive to the mesh refinement for both airfoils. How
ever, the boundary layer profiles showed different behaviors.

For the NACAOO12 airfoil, the boundary layer velocity profile at x/c 0.99 is overall
insensitive to the mesh refinement, but the turbulent kinetic energy and specific dissipa
tion profiles displayed a larger variability. A mesh independence is achieved by the Pan-
ton & Linebarger model for <5. The wall-pressure spectrum predictions by the differ
ent models show that the Goody model performs poorly with respect to the experimen
tal data, due to the presence of APG. The Rozenberg and Lee models accounting for such
effects proved indeed much more accurate. The Kamruzzaman model under-predicts
the low frequencies and over-predicts the higher frequencies. However, the Catlett and
Hu & Herr models perform poorly since they are developed for A.PG flow on a flat-plate.
The Panton & Linebarger model captures the slope but under-predicts the amplitude by
around 3 dB. The same conclusion can be drawn for the far-field predictions.

For the DU96-W-180 airfoil, the velocity profile exhibit different trends with respect
to the grid refinement, depending on the quantify of interest. The mesh resolution has
a larger impact on the suction side than on the pressure side, excepted for the specific
dissipation proffle. In general, it has been observed that the low frequencies of the radi

kcl-l



4. AccuRAcY AND MESH SENSITIVITY OF RANS-BAsED TRAILING-EDGE NOISE

62 PREDICTION USING AMIET’s THEORY FOR AN ISOLATED AIRFOIL

ated spectrum are dominated by the suction side turbulent boundary layer, whereas the

pressure side flow is responsible for the higher frequencies. The low-frequency part of
the predicted acoustic spectrum proves accordingly to be more mesh-dependent than
the high-frequency part.

In more quantitative terms, it can be concluded that for the considered airfoils and
flow solver, a mesh resolution below y <23 on the pressure side for the semi-empirical
models and <13 for the integral model is necessary to ensure the converge the ra
diated noise spectrum predictions. Both Rozenberg and Lee models are not used to
predict the wall-pressure spectrum on the pressure side due to the presence of FPG, in
which case the Goody model is applied. Nevertheless, a better agreement with the ex
perimental sound spectra is observed with the Lee model. The far-field noise predicted
by the Kamruzzaman model over-predicts the levels by about 3 dB for frequencies above
kc> 10. Finally, the far-field noise predicted by the Panton & Linebarger model is found
to be within ± 3 dB of the experimental data, and provides the best agreement for the
lowest frequencies. It shows however a slightly larger variability than the semi-empirical
models.

The probe location analysis is performed with five different positions starting from
x/c = 0.9 to x/c 0.99 for the DU96-W-180 airfoil. It has been observed that the flow is
exposed to an AJG flow on the suction side along the airfoil whereas on the pressure side,
the flow is exposed to an APG flow until y/c = 0.95% and a FPG flow after. Moreover, the
wall-pressure spectrum prediction by the models showed that the suction side is more
sensitive to the probe location than the pressure side as for the boundary layer profiles.
In general, the far-field noise predictions by the semi-empirical models are found to be
sensitive to the probe location below the frequency kc < 10.



5
APPLICATION TO DIFFUSER

AUGMENTED WIND TURBINE

(DAWT)

The CAD of the DoriQi Urban Windmill shown in Fig. 5.la is provided by the Deift Uni
versity of Technology (see Ref. [9] for the detailed explanation of the geometry). The
wind turbine has a radius of 0.75 m with a tip clearance of 0.015 m. The airfoil profile is
a NACA22O7 along the entire blade. The chord of the blade at the hub is 0.13 m with a
twist angle of 40.5° and is 0.105m with 0.3° twist at the tip. This variation is shown in
Fig. 5.lb.

0

F

Figure 5d (a)The geometry of the DonQi Urban Windmill; (b) The chord and twist distributions along the
blade.

(a) (b)
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5.1. 3D NUMERICAL SIMULATION
In this section, a 3D simulation of the DonQi Urban Windmill is performed. The Multiple
Reference Frame method explained as in Sec. 3 is used. The details of the computational
setup are explained in the following parts.

5.1.1. CoMPuTATIoNAL SETUP
Steady three dimensional (3D) incompressible HANS simulations of the DonQi Urban
Windmill were performed using the open source CFD solver OpenFOAM 4.0. The k — 12

SST turbulence model proposed by Menter [1301 was used as described in Chapter 4,

and assuming a turbulent flow along the blade, diffuser and hub. The inlet velocity and
the turbulence intensity were chosen as 5 m/s and 5%, respectively, which corresponds
to the operating condition for the turbine [9]. The inlet velocity is uniform and the wind
turbine is symmetric around the rotational axis. Thus, only 120° of the full domain was
modelled to reduce the computational effort as shown in Fig. 5.2. For the inlet and out
let, the same boundary conditions were applied as in Chapter 4 and they were placed
at 8R and 7R, respectively [169] (R is the rotor radius) in front and behind the hub, re
spectively. A periodic boundary condition was used on the adjacent faces. The far-field
boundary condition was assumed to be the same as the inlet and was placed at 8R to
reduce interaction with the blade region [751. A closer view of the MRF zone is shown
in Fig. 5.2b. The rotational speed was chosen as 12 rot = 39.84 rad/s which is found to be
an ideal operating condition with a tip speed ratio of 6 as suggested by van Dorst [192].

The blade and the hub intersection with the MRF zone were considered rotating, while,
the diffuser intersection with the MRF zone was considered stationary. Furthermore, a
contra-rotating velocity boundary condition was exposed to the non-rotating part of the
hub, the others were set to no-slip condition. The pressure gradient was set to zero and
the blended wall functions were used for the kinetic energy k, the turbulent viscosity v
and the specific dissipation 12 for all the solid surfaces. The boundary conditions with
the initial values are summarized in Table 5.1.

5.1.2. MESH SENSITIVITY
The mesh was created using the ANSYS MESHING 19.0 tool by using the multizone util
itiy. The domain is subdivided into several blocks, where the outer blocks are composed
of a hexadral mesh while a tetrahedral mesh is used for the inner blocks. A detail sketch
of the mesh is shown in Fig. 5.3. Three different meshes were created by changing only
the first cell thickness, while keeping the surface mesh identical. Thus, the number of the
cells for each mesh configurations is sensitive to the first layer cell thickness. It can be
deduced from Table 5.2 that the y value for the finest mesh is in the inner layer whereas
the medium and coarse ones are extended to the buffer layer.

To investigate the effect of mesh resolution on the blade, three strip positions are
chosen: close to the hub (x/R = 0.19), at midspan (x/R = 0.55) and close to the tip (x/R
0.92) which are demonstrated in Fig. 5.4. The pressure coefficient is calculated as:

- p—po
1 2

(5.1)
POURel

where Po and P0 are the pressure and density at the atmospheric conditions. The relative
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PERIODIC

(a) Computational domain.

.,_.____-------* Stationary patches
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Rotating wall patches

(b) MRF region.

Figure 5.2: Computational domain.

velocity is defined as: UReI = + (c20 rt)2 depending on the strip location. The
pressure coefficient as a function of mesh resolution is shown in Fig. 5.5 at the three strip
locations. It is observed that the pressure coefficient remains unchanged for the three
mesh resolutions along the blade sections.

The dimensionless velocity, turbulent kinetic energy and specific dissipation bound
ary layer proffles extracted at x/c 0.99 from the leading edge with different mesh res
olutions are given in Fig. 5.6, 5.7 and 5.8 at the three strip locations, respectively. The
axial velocity profile shows a good match at the outer layer of the boundary layer, how
ever, small discrepancies are observed for the inner and log-layer. It should be noted
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RENAME /
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Table 5.1: Boundary conditions

U [rn/si p [Pal k [rn2/s2i Vt [rn2/si 2 [1/si

Inlet U VP=0 0.09375 - 111.8
-*

Outlet VU=0 P=0 vk=0 - Vf2=0

Far-field U VP=0 0.09375 - 111.8

Blade U = 0 VP = 0 Adaptive wall-function

Diffuser T. = 0 VP = 0 Adaptive wall-function

Hub non-rotating 2rot VP = 0 Adaptive wall-function

Hub rotating = 0 VP = 0 Adaptive wall-function

Side patches cylicAMI

that even though the first layer cell is fixed during the mesh design, the first cell height
decreases towards the trailing-edge, resulting in a less than 1 along the trailing-edge
region for the different mesh configurations. Thus, the wall function is not employed
since the boundary layer is resolved which might explain the different behavior for each
mesh resolution. The turbulent kinetic energy profiles extracted at the same positions
show high sensitivity to the mesh resolution. It could be observed that the difference be
tween the mesh resolutions decreases from the hub to tip. The reason behind this may
be due to the occurrence of secondary flows at the hub. The turbulence model might
be more sensitive to the different mesh resolution in such a flow. Furthermore, the peak
point decreases with a finer mesh which is contrary to the outcome analysed in Sec. 4.2.
Contrary to the other boundary layer profiles, the specific dissipation profiles exhibit in-

Table 5.2: Wall normal spacing for the blade

Ay/c x i03 Number of cells Mi y Max. y Average y

0.08 49 618 393 0.07 8 2.5

0.06 52 267 244 0.063 7 2

0.05 53 762 184 0.06 6 1.6



5.2. 2D ISORADIAL APPROACH 67

sensitivity to the mesh resolution. The wall-normal and spanwise velocity profiles are
given in Appendix B. 1.

5.2. 2D ISORADIAL APPROACH
The main focus of this section is to investigate the applicability of the 2D isoradial ap
proach which would reduce 3D computational effort in terms of both meshing and sim
ulation cost. For this end, the isoradial methodology introduced in Sec. 3.5.1 is applied.
As a first step, the effect of the nacelle and the diffuser on the flow acceleration is ne
glected and it is assumed that each isoradial blade section encounters the same free-
stream velocity, which is applied in the previous section for three-dimensional simula
tions. The 2D computational setup based on this approach is explained, and followed by
the analysis on the number of strips required for a converged acoustic results by exclud
ing the scattering due to the nacelle and diffuser, Later, in order to represent the effect
of the diffuser and the nacelle on the inflow conditions due to the acceleration, a two-
dimensional axisymmetric simulation is performed to obtain the inflow conditions for
two-dimensional approach. This approach is indicated in Fig. 5.9. The flow acceleration
along the diffuser is investigated.

5.2.1. CoMPuTATIoNAL SETUP
The solver and turbulence model described in Chapter 4 were used, as well as the same
boundary conditions except for the top and bottom part of the domain. In this case,
cyclic boundary conditions (cyclicAMl) were applied to take into account the periodic
ity. The inlet and outlet were placed 3c upstream and downstream of the airfoil. How
ever, the distance between the top and bottom parts were modified depending on the
radial position of the isoradial blade cut to satisfy the periodicity For the simplification
of the geometry, it is assumed that the axial velocity is unchanged along the axial direc
tion. Thus, all the initial conditions given in Table 5.1 were kept the same. In addition,

Tetrahedral

Figure 5.3: The tetrahedral mesh within the hexahedral mesh.



68

Strip 3

Strip 2

Strip I

0

Figure 5.4: Three strip positions.
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Figure 5.5: Pressure coefficient along the airfoil at each strip location with different mesh resolutions; )‘ve
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(b) Strip 2.

Figure 5.6: Axial velocity profiles at x/c =0.99 from the leading edge at each strip location with different mesh
resolutions; Yve 2.5 (—), Yve 2 (— ) Y1 1.6 ( —

(b) Strip 2.

Figure 5.7: Turbulent kinetic energy profiles at x/c =0.99 from the leading edge at each strip location; Yve 2.5
(), Yve 2 ( - ) Yve 1.6 ( ‘‘).

a tangential velocity was introduced due to the rotational speed of the blade which de
pends on the strip position, V c2rot ‘trip. A sketch shown in Fig. 5.10 illustrates the
aforementioned conditions.

5.2.2. CoNvERGENcE DUE TO THE NUMBER OF STRIPS
To obtain a converged solution for the far-field spectrum, the blade is divided into 5, 10
and 20 as shown in Fig. 5.11. The boundary layer profiles normal to the airfoil surface
close to the trailing-edge are obtained for each strip from the 2D BANS simulations. The

69

(a) Strip 1.

U/U01 [-1 U/U5ei [] U/UReI []

n IC

(c) Strip 3.

0.1

005

0.005 0.01

kt/Uei Hi

(a) Strip 1.

0.005 001
k1/U []

0.005 0.01
k1/U01 [-1

(c) Strip 3.
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(a) Strip 1. (b) Strip 2. (C) Strip 3.

Figure 5.8: Specific dissipation profiles at x/c =0.99 from the leading edge at each strip location; )‘ve 2.5

(), )‘ve 2 ( Yve 1.6 (- -

corresponding wall-pressure spectrum is computed by the Panton and Linebarger [142]
model. The other models introduced in Sec. 3.4 are not considered as this model is found
to account for alterations of the boundary layer profiles with a better accuracy than the
others. It should be noted that for the spanwise corre]ation length and the convective
velocity are assumed to be the same for all the strips along the blade as described in
Sec. 3.1. To obtain uncorrelated contributions from each strips, the spanwise correlation
length shouid be smaller than the strip span, l,, <L. Considering the maximum strip
number (L = 0.03 m) with the maximum velocity at the tip of the blade (U 30 mIs), the
minimum frequency from the Eq. 3.2 for uncorrelated strips is found to be f = 143 Hz.

The far-field noise prediction at 1 m and 10 m (x, y, z=0, 0, 1-10) downstream of the
blade is given in Fig. 5.12 for 5, 10 and 20 strips. It has been observed that beyond the
compact regime (kc >1), the predictions from different strips give similar results. How
ever at the high frequencies, kc >25, the predictions from the 5 strips configuration at a 1
m observer location deviates by 2 dB from the other strip configurations, as the observer
position is not located at the geometrical far-field z/R a1. According to Amiet’s formula
tion, the observer has to be located at the acoustical and geometrical far-field position.
Thus, considering the only observer position at 10 m, it is concluded that 5 strips are
enough to have a converged solution. The deviation for 20 strips that are observed be
low kc < 1 are due to insufficient sampling issues related to the Monte-Carlo integration
as mentioned in Sec. 4.2.3.

5.2.3. IMPROVING THE INFLOW CONDITIONS

In Sec. 5.2.1, it was mentioned that the free-stream velocity was imposed as an inlet ve
locity for each strip position assuming that the diffuser and nacelle do not change the
axial velocity. However, adding a diffuser and nacelle create a circulation around them
which accelerates the flow. To investigate the evolution of the flow fluid along the dif

c2C/UReI [-] QC/UReI [] c2c/Uoe [-1
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Inlet condition imposed from
the axial location (1)
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Strip3

I
u2 = u

‘ Strip 2

U1 =

Strip I

Inlet condition imposed from
the axial location (2)

1!

______

Strip3

I U2

7

Str4 2

U1

Strip I

Figure 5.9: The 2D isoradial approach with the acceleration correction from a 2D axisymmetric simulation.

fuser, an axisymmetric 2D simulation was performed by neglecting the blade as shown
in Fig. 5.13.

The domain size was kept the same as the 3D simulation except for the cyclic angle.
In this case, the cyclic angle was 5° with a thickness of one cell in order to use the wedge
utility of OpenFoam 4.0. The same initial and boundary conditions were applied for
other boundaries. A structured mesh was created with ANSYS ICEM. The wall-normal
resolution is determined to be less than y <5 for both diffuser and nacelle.

The same strip locations as shown in Fig. 5.4 were used to investigate the flow accel
eration along the diffuser. The dimensionless mean velocity profiles in the polar coor
dinate system along the diffuser are given in Fig. 5.14 where U is the axial velocity, U,.
is the radial velocity, U0 tangential velocity, z corresponds to the axis of symmetry and
c is the mid-chord of the blade. The origin, z/c = 0, is located on the tip of the nacelle
front. The diffuser, blade, nacelle and probe locations are described in Fig. 5. 14(a. It has
been observed that the flow acceleration starts around z/c —1 and has its maximum

(1) (2)

ser

. - - . - . - - - -. - - - . - - - - -. - - . -— - - Strip 3

.-.-.-.-.-.— Strip2

.-.-.-.-.-.-.— ‘Ur--’ Strip 1

I NacelLe
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OUTLET

Figure 5.10: Computational setup for 20 approach.

(a) 5 strips. (b) 10 strips. (C) 20 strips.

Figure 5.11: Isoradial blade Cuts of the DonQi Urban Windmill.

at the location of minimum area. Surprisingly, the first and second strips’ axial acceler
ations are almost identical. One might expect to observe less influence on the second
strip due to the circulation around the diffuser and the nacelle if the distance between
them would be larger. Furthermore, the diffuser has a high curvature on the suction
side which leads to a greater acceleration and thus, resulting in a higher axial velocity at

TOP

BOTTOM
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N
I

0
a

C/)

Figure 5.12: Far-field noise prediction at two observer locations (line:
(—), 10 strips (— — -) and 20 strips ( ).

kc [-1
1 m, line-symbols: 10 m) with 5 strips

Figure 5.13: Computational setup for 2D axisymmetric simulation.
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the midspan. The radial velocity profile shows similar results at the midspan, while the
tip strip locations have a negative radial velocity component at the inlet of the diffuser
which signify that both locations are mainly driven by the flow on the suction side of
the diffuser. Furthermore, the absolute value of the radial component at the midspan is
greater than the strip location near the nacelle which means that the acceleration due to
the diffuser is dominant. After the minimum area location, the flow starts to decelerate
for all the strip locations. Further downstream, at z/c 8, it is observed that the radial
component is less pronounced for the nacelle strip location, however, the midspan and
tip strip locations are still driven by the flow around the diffuser. Finally, the tangential
velocity along each strip location is found to be zero as the rotation is neglected in this
configuration.

-10 -5 0 5

z/c [-]

(a) The location of the strip and probes.

: AA. •
• AAA

b444**tttAA:AA AA

*

1 5

(c) Mean radial velocity.

Figure 5.14: The probe locations and mean velocity profiles along the diffuser with respect to the different strip
locations; Strip 1(A), Strip 2(.) and Strip 3 (.).

5.3. CoMPARIsoN OF THE 3D AND 2D COMPUTATIONS

In this section, the comparison of the 3D and 2D simulations will be assessed in terms
of the incoming velocity profile upstream of the blade, the pressure coefficient and the
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boundary layer profiles along each strip location. Later, the wall-pressure spectrum will
be obtained by using the models explained in Sec. 3 and the corresponding far-field noise
prediction by Amiet’s theory.

As described in the previous sections, as a first approximation for 2D computations,
the diffuser and nacelle are neglected and the free-stream velocity is assumed to be uni
form along the blade. However, the mean axial flow accelerates in the presence of both
diffuser and nacelle. To consider this axial velocity acceleration on the 2D computational
domain, three different locations are selected from the 2D axisymmetric simulations and
imposed as U as shown in Fig. 5.10 with the same domain size. The first location is
chosen such that the effect of the axial velocity acceleration is less than U/U < 1.15,
the second location is selected before the front tip of the diffuser and the last location is
chosen so that the maximum velocity could be obtained before the blade (see Fig. 5.13 at
z/c = —5.0, z/c —0.5 and z/c = 0.677, respectively). The three extraction locations and
corresponding free-stream velocity values, as well as the base configuration are summa
rized in Table 5.3 with the same strip locations analysed in the previous sections. It will
be these three velocities at z/c [—5.0, —0.5,0.677] that will be imposed in the following
section. It should be noted that the far-field noise predictions, the 5 strip configuration
shown in Fig. 5.11(a) is used. The strip positions are numbered as Strip 1 near the hub
till Strip 5 near the tip.

Table 5.3: The extraction locations and corresponding inlet velocity boundary conditions

[-1
U1 [mis] Uqc/U [-1

Strip 1 Strip 3 Strip 5 Strip] Strip 3 Strip 5

—0O 5 5 5 1 1 1

-5.0 5.5 5.4 5.2 1.1 1.08 1.04

-0.5 6.4 6.7 6.2 1.28 1.34 1.24

0.667 7 7.2 8.5 1.4 1.44 1.7

5.3.1. INLET VELOCITY PROFILES
The inlet velocity profiles obtained from the 2D simulations with different inlet veloc
ity boundary conditions (specified in Table 5.3), and the 3D simulation are compared in
terms of the axial and tangential velocityin Fig. 5.15 and Fig. 5.16, respectively. The inlet
velocity proffles are extracted at z/c 0.667 and plotted as a function of the azimuthal
angle, 6, which is 1/3 of the domain. The comparison is performed for the same strip
locations investigated in the previous sections (see Fig. 5.4) with respect to different in
let velocity profiles obtained from the 2D and 3D simulations. However, the radial inlet
velocity shown in Fig. 5.17 is compared only with respect to the different strip locations
since the radial component of the velocity is neglected in 2D simulation. In all the fig-
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ures, the trailing-edge location is positioned at 8 = 0 rad.

As a general remark, assuming the free-stream velocity as an inlet boundary con
dition, the mean axial velocity profile obtained by the 2D simulation under-predicts
the inlet proffle from 3D simulation. However, imposing the maximum velocity to the
2D simulation clearly over-predicts the inlet axial velocity profile when compared to
the 3D simulation. Hence, an inlet velocity between the two extreme positions might
able to reconstruct the same inlet profile from 2D simulations. Consequently, the po
sitions at z/c —5.0 and z/c —0.5 are chosen to this end. Even though the velocity
obtained at 2/c —5.0 is 1.1 times higher than the free-stream velocity, U/U = 1.1,
the inlet axial profile for Strip I is over-predicted and for Strip 5 is under-predicted
whereas a good match is observed for Strip 3 in comparison to the 3D results, Finally,
for Strip 5, the inlet velocity profile obtained from the 2D simulation by imposing the
axial velocity at —0.5 has a good match. The tangential mean velocity profiles
non-dimensionalized with the rotational speed shows that the profiles obtained from
the 2D simulations perform poorly with respect to the 3D simulation. In all strip posi
tions, the peak point of the 2D profiles is shifted to the left in comparison with the 3D
result. The inlet radial velocity component is investigated only for 3D simulations with
respect to the different strip positions as shown in Fig. 5.17 as the 2D simulation does
not talce into account the spanwise evaluation. When the inlet radial velocity profiles are
compared with the 2D axisymmetric simulations shown in Fig. 5.14c at z/c 0.667, it is
observed that the mean of the velocity is lower. Furthermore, the midspan location is
less affected by the circulation due to the diffuser as the mean radial velocity is around

Ur/Uc,o = 0.025. It could be concluded that the presence of the blade and the rotation
reduce the radial velocity component. However, it is difficult with the current studies to
interpret the magnitude of impact on the results.

5.3.2. PRESSURE DISTRIBUTION AND BOUNDARY LAYER PROFILES

Another way to verify the inlet boundary conditions is to observe the pressure distribu
tion along the airfoil. Thus, the same analysis is performed by comparing 3D simulation
to 2D simulations with different inlet velocity boundary condition values at three differ
ent strip locations given in Fig. 5.18. In 2D simulations, the axial velocity is increased
while keeping the rotational speed the same. Therefore, the angle of attack gets steeper
when the axial velocity increases which results in a higher lift. This behavior is observed
for all the strip locations. In addition, for Strip 1, a decrease in the pressure distribution is
observed due to the separation near the trailing edge which is caused by a higher angle of
attack. When reproduction of the pressure distribution is concerned, it is observed that
for Strip 1, whatever the inlet velocity is, the C distribution is shifted downwards except
for the stall case. This behavior is explained by several authors 118, 36, 64, 1261 due to the
Coriolis and centrifugal effects in 3D simulations in contrast with the 2D simulation of a
conventional horizontal wind turbine at the same operating conditions. They have ob
served that the separated flow near the hub region is moved towards the midspan of the
blade due to the centrifugal forces which result in a reduced wake size, and thus, a thin
boundary layer. When the boundary layer reduces, the velocity on the suction side in
creases which reduces the pressure along the blade. Furthermore, the Coriolis force acts
in the chorwise direction and delays the separation point to towards the trailing-edge. In
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Figure 5.15: Axial mean velocity profile extracted at z/c = 0.667 with respect to each strip location and with dif
ferent imposed velocities given in Table 53; U2_ (—), (— — -). tJ2,i_0 ‘

and 3D simulation (U)
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Figure 5.16: Tangential mean velocity profile extracted at z/c = 0.667 with respect to each strip location and
with different imposed velocities given in Table 5.3; = —00 (—), U2j_50 ( — 1. U1_05 ( —

and 3D simulation A.

addition, it is found that these effects become less pronounced towards the outer portion
of the blade. This statement can be observed for Strip 3 and Strip 5 where a better match
is obtained for the pressure distribution. Even though, the inlet velocity profile obtained
by U150 shows a better agreement with 3D simulation, it is seen that the shape of the
C distribution is different for that velocity. Furthermore, at this strip location, it was al
ready verified that the radial velocity component is weak which should have reproduced
a better match. Again, it is observed that changing only the axial velocity is unable to
reproduce the pressure coefficient. Contrary to the other strip locations, Strip 3 is able
to reconstruct the pressure distribution from the 2D simulation by imposing the velocity
at

The mean axial velocity boundary layer profiles extracted at x/c 0.99 from the lead
ing edge of each blade section are given in Fig. 5.19. As a general observation, the veloc
ity profiles obtained from the 2D simulations are exposed to a higher pressure gradient
compared to the 3D case. The reason behind this, as mentioned before,might be due to
the Coriolis forces which act in the chordwise direction and have a favorable pressure ef

tho

-1 0

0 [rad]

(b) Strip 3.
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Figure 5.17; Radial mean velocity profile at z/c =0.667 with respect to each strip location; Strip 1 (A), Strip 3
(.) and Strip 5 (.).

fect. For Strip 1,the velocity profiles obtained from and U10667 demonstrate
separation as also seen from the C distribution since this region has a higher pitch angle
than the other strip locations. For Strip 3 & Strip 5, a good match is observed at the outer
part of the boundary layer in comparison with the 3D simulation. In terms of the inlet
velocity profile and pressure distribution, the results obtained at U1,_05 have a bet
ter agreement for Strip 5 in comparison with the 3D simulation, however, this does not
hold true for the boundary layer profile. The global boundary layer variables are given
in Table 5.4 for U1_50, U1_05 and 3D simulation. Since the boundary
layer proffle obtained from U,0667 does not match with the 3D simulation, the values
for this case are given Appendix 13.3. From Table 5.4, it is observed that in general the
boundary layer thickness, 6 and wake parameters, 11 &t /3 which are obtained from 3D
simulations are higher than the 2D simulations while the integral boundary layer vari
ables such as the displacement and momentum thickness values as well as the external
and friction velocity seem close to each other. However, most of the wall-pressure mod
els are highly dependent on the wake parameters which indicates that 3D wall-pressure
spectrum predictions might deviate from the 2D predictions. The boundary layer vari
ables obtained from Uq..05 show that there is a separation for the strip location near
the hub which can also be depicted from the boundary layer velocity profiles.

Additionally, the kinetic energy profiles are over-predicted by the 2D simulations
(see Appendix B.2). The reason might be due to fact the secondary flow effects are not
present in 2D simulation. Thus, the wall-pressure spectrum predicted by the Panton &
Linebarger model will deviate significantly from the 3D predictions especially for the low
frequencies for the suction side.
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Figure 5.18: Pressure coefficient along each strip location; (—) (— — -), U21_05

— ), ( ) and 3D simulation ).

5.3.3. PREDIcTIoN OF THE WALL-PRESSURE SPECTRA AND FAR-FIELD

TRAILING EDGE NOISE

The wall-pressure spectrum prediction is performed by the Kamruzzaman, Lee, and
Panton &t Linebarger models for the same three strip positions that were investigated
in the previous section: a strip close to the hub Strip 1, a strip in the middle of the blade
Strip 3 and a strip near the tip region Strip 5. The wall-pressure spectrum is calculated
from U7=_ and Uq_5 for the Strip 1 and Strip 3 locations, while for Strip 5,
is also added since it provides a better match for C and Ue (shown in Fig. 5.18 and 5.19

The dimensionless frequency for the wall-pressure spectrum is expressed by wö*/Ue

where the global boundary layer variables on the suction side are obtained from 3D sim
ulations. Figure 5.20 shows the prediction for Strip 1 on suction side (a) and the pressure
side (b). When the 3D simulation is considered on the suction side, a decay seems to oc
cur for the prediction obtained both from the Kamruzzaman and Lee model while, the
Panton & Linebarger model under-predicts for the frequencies below WS*/Ue < 10. For
2D simulations, it is observed that the Kamruzzaman and Panton & Linebarger model

0

(.)

-2 uiluD

.d L

2

0

0

-2

.3

-4
00.8 0.20.2 0.4 0.6

xfc[-}

(a) Strip 1.

0
1

-2

0.80.4 0.6
x/c [-]

(b) Strip 3.

0.4 0.6
xIc [-]

(c) Strip 5.



5.3. Covwoisoi’t OF THE 3D AND 2D COMPUTATIONS 81

0.2 0.4 0.6 0.8

UfU5e [1

(a) Strip 1.

U/U5ei []

(b) Strip 3.

Figure 5.19: Mean axial boundary layer profile extracted at x/c =0.99 with respect to each strip location;
(—), U2,_.50 (— — -), U,._05 (——1, ( ) and 3D simulation (0).

seem insensitive to the velocity increase while a significant increase is observed for the
Lee model above wö*/Ue > 7. On the pressure side, the predictions obtained from 3D
simulation exhibits a similar decay, however, with different amplitudes. Likewise, the
Panton & Linebarger model under-predicted the wall-pressure spectrum with respect to
the other models. When the 2D simulations are compared, it is observed that increasing
velocity shifts the amplitude for the frequencies above around wô*/Ue 2. Overall, the
wall-pressure spectrum obtained by the Kamruzzaman model gives closer results with
2D and 3D simulations especially for Uz/c5O.

The wall-pressure spectrum prediction for Strip 3 is given in Fig. 5.21 for the suc
tion side (a) and pressure side (b). The predictions obtained the Kamruzzaman and Lee
models exhibit a similar decay for the high frequencies above wô*/Ue <7 for the 3D sim
ulation on the suction side. Similarly, the Panton & Linebarger model under-predicts the
amplitude for the low frequencies. The predictions obtained from the 2D simulations are
insensitive to the velocity increase even though this increase was significant for the in
let profiles and pressure coefficient as mentioned previously. The predictions obtained
from each model are unable to exhibit a similar curve with the 2D and 3D simulations.
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N

(a) Suction side. (b) Pressure side.

Figure 5.20: The wall-pressure spectrum predicted by the Kamruzzaman model (black), the Lee model (red)
and the Pmton & Linebarger model (green) from (solid line), Uq,_5 (dashed line) and 3D simu

lation (rectangle) at Strip].

On the contrary, the pressure side predictions for the 3D simulations shows a similar
slope, however, under-prediction occurs for the Panton & Linebarger model. The wall-
pressure prediction obtained from 3D simulations of the Kamruzzaman and Lee models
show a better match with their predictions except for the Lee model which yields incon
sistent results for higher frequencies. Overall, the Kamruzzaman model gives the most
consistent prediction.

8C

N

Figure 5.21: The wall.pressure spectrum predicted by the Kamruzzaman model (black), the Lee model (ied),
and the Panton & Linebarger model (green) from (solid line), U2,_ o (dashed line) and 3D simu

lation (rectangle) at Strip 3.

The same predictions are performed for Strip 5, in addition, the wall-pressure spec
truin obtained from U1_05 is also analyzed. The wall-pressure spectrum obtained
from the 3D simulation with different models do not provide the same behavior for the
suction side. The wall-pressure spectrum obtained from the 2D simulations show that
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(b) Pressure side.
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when the velocity increases the amplitude decreases for the higher frequencies for all the
models. For the pressure side, the Lee and Panton & Linebarger model exhibit a similar
slope behavior with different amplitudes. Moreover, the frequencies above wö*/Ue> 1
perform the a similar decay for all the models. In general, it is observed that increas
ing the velocity, decreases the amplitude for the low frequencies while increasing the
amplitude for the higher frequencies except for the Panton & Linebarger model which
seems insensitive to the velocity augmentation. Similar to the other Strips, the Kamruz
zaman model prediction gives similar results for 2D and 3D simulations. As a general
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(a) Suction side. (b) Pressure side.

Figure 5.22: The wall-pressure spectrum predicted by the Kamruzzaman model (black), the Lee model (red),
and the Panton & Unebarger model (green) from (solid line), U2,_5 o (dashed line), Uj_0
(dashed dotted line) and 3D simulation (rectangle) at Strip 5.

remark, similar to Chapter 4, the pressure side contributes more to the higher frequen
cies whereas the low frequencies are dominated by the suction side. When the different
strip positions are compared, although the Strip 5 is exposed to a higher tangential ve
locity, the magnitude of the spectrum seems to be closer with respect to the other strip
locations. Furthermore, the low frequency range has almost the same amplitude for all
the strip locations, which means that they will contribute significantly to the far-field
noise spectrum. While for the high frequency range, the contribution from the last three
strips is enough to have the same amplitude. This is demonstrated in Fig. 5.23.

One-third octave band far-field noise spectrum predicted at two locations are given
in Fig. 5.24; downstream of the wind turbine (a) and upstream of the wind turbine (b).
As mentioned previously, the far-field noise prediction is performed by assuming free-
field propagation. In Fig. 5.24, the 2D simulations are obtained by using three different
free-stream velocities; and Uqo5. These are compared with the
3D simulation. As mentioned before, due to flow separation observed in the 2D case
of U2,_5, only the last three strips are considered for the prediction to determine if
the high frequency range is closer to the 3D simulations as interpreted from the global
boundary layer variables. The spectrum predictions obtained by the Kamruzzaman and
Lee models show a difference of around 6 dB for the low frequencies which decreases
for the middle frequencies and increases up to 2 dB for the higher frequencies, whereas
the Panton & Linebarger model under-predicts compared to the other models. This is
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C/)

Figure 5.23: The far-field noise spectrum at z 1Gm contribution from different strip locations; Strip I (),
Strip 2 (—), Strip 3 (—), Strip 4 (—), Strip 5 (—), contributions from all the strips (—), and contri
bution from the last three strips (Strip 3, Strip 4 & StripS) ( ).

due to the fact that the kinetic energy proffles obtained from the 3D simulations are con
siderably lower. A better prediction is observed when the inlet velocity of is
used, however, a decrease in the low frequency is inevitable since the other strips loca
tions which contribute mainly to the low frequency are neglected. For the far-field noise
prediction upstream of the wind turbine, in general, the models perform well compared
with the 3D predictions, except for kc> 10 for the Lee model where a decay is observed.
However, when the inlet velocity of U2,_05 is used, an increase for that frequency range
is observed for the Kamruzzaman and the Lee models.

5.4. CoNcLusioNs
In this Chapter, a 3D RANS simulation is performed for the DonQi Urban Windmill to
investigate the flow as well as the acoustic properties by performing the same analysis in
the previous chapter. The rotational zone is simulated by a MRF methodology where the
blade is assumed to be frozen and the flow passes through it, the Navier-Stokes equa
tions are solved by considering the Coriolis and centrifugal effects. The mesh sensitivity
is performed to demonstrate that the results are independent of the mesh resolution.
This analysis holds true for the global parameters, however, as seen in Chapter 4, the
boundary layer profiles are found to be sensitive to the mesh resolution.

As an alternative methodology, a 2D approach similar to the BEM methodology is
suggested. In this methodology, the blade is considered alone by neglecting the effect of
the nacelle and the diffuser. Assuming that the radial velocity component is negligible,
the blade can be divided into isoradial strips. 2D incompressible steady RANS compu
tations were performed for each strip location by unwrapping them. As a first step, the
free-stream velocity is considered to be the same as in the 3D simulation, thus only the
rotational component is added as Wrot rst,-jp, which depends on the radius of the each
strip location and takes into account the rotational velocity. Later, a convergence study

f[Hz]
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(a) L at z 1Dm downstream of the wind tur- (b) Lp at z= -1Dm upstream of the wind tur

bine.

Figure 5.24: The 1/3 octave band far-field noise spectrum at two observer locations predicted by different
wall-pressure spectra predicted by the Kamruzzaman model (black), the Lee model (red), and the Panton &
Linebarger model (green) from (solid line), o (dashed line), (dashed-dotted line)
and 3D simulation (rectangle).

based on the number of strips is carried out by diving the blade into 5, 10, and 20 strips.
It is concluded that the 5 strips configuration is sufficient for Amiet’s theory if the ob
server is located in the acoustical and geometrical far-field. As a second step, to take
into account of the flow acceleration due to the nacelle and the diffuser, an axisymmet
nc RANS simulation is performed without the presence of the blade. Three additional
axial positions rather than the free-stream (z/c = —oo) are considered which are further
upstream (z/c = —5.0), before the diffuser (z/c = —0.5) and before the blade (z/c 0.667).

The axial free-stream velocity values corresponding to these axial positions are imposed
to 2D HANS simulations at each strip location.

The comparison between the 3D and 2D simulations are performed in terms of in
let velocity profiles upstream of the blade sections, pressure coefficient along the blade,
and the boundary-layer proffles extracted at x/c = 0.99 normal to the blade surface at
three strip locations. It has been observed that for the axial velocity a good comparison
is achieved whereas for the azimuthal velocity, the peak point seems to be shifted which
may indicate that the position of the blades are not identical. The radial mean velocity
component from the 3D simulation shows that the order of magnitude with respect to
the mean axial velocity is 10, which might have a weaker effect on the spanwise direction.
The pressure distributions could not be reproduced by the 2D simulations even with dif
ferent mean axial velocities at the hub region, which might be due to the centrifugal and
Coriolis forces acting dominantly at that area resulting a difference between the 3D and
2D nature of the flow. For the middle part, a better match is observed with respect to the
hub region, however, again the magnitude of the C,, distribution seems shifted down and
increasing the velocity wouldn’t help to imitate it. On the contrary, a better match is ob
served for the tip region for the inlet velocity of z/c —0.5. Likewise, the C, distribution
was found to be shifted down in terms of magnitude which might create different flow
field than the 2D simulations. Finally, the boundary-layer profiles extracted at x/c = 0.99

kc [-I kc [-]

bine.
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normal to the blade surface are investigated. In general, the boundary-layer profiles ob
tained form 2D simulation do not match with the 3D simulation. The last two velocities
(z/c = —0.5 and z/c = 0.667) imposed to the 2D simulations demonstrate a separated
flow for the hub region. Moreover, they could not reproduce similar results compared to
the 3D simulation for the other strip locations, even though Strip 5 gives better results in
terms of the C, distribution. When the global boundary layer variables are considered, it
is found that the boundary-layer thickness and the wake parameters have a higher value
than the 2D simulations whereas the integral variables are found to be of the same order.

The wall-pressure spectrum is predicted by three models; the Kamruzzaman, Lee,
and Panton & Linebarger iriodels for 2D and 3D simulations and the results are shown
only for three strip locations investigated before. All of the 3D predictions at different
strip locations performed by the Panton & Linebarger model show under-predicted re
suits compared to the other models. For 2D simulations, increasing the velocity from
U1_ to Uj50 does not change the predictions significantly, as it does for the in
let velocity profiles. However, further increasing the velocity, the results perform better
on the pressure side than the suction side. Overall, the Kamruzzaman model performs
the best amongst the model compared to their prediction in 3D. The far-field noise pre
dictions are performed at 10 m upstream and downstream of the blade. The 3D predic
tion of Panton & Linebarger model deviates significantly from the other predictions as
it is also observed for the wall-pressure spectrum. The reason for it, may be due to the
under-prediction of the turbulent kinetic energy. The 3D prediction of the other two
models show a deviation of 6 dB maximum for the two locations. The 2D predictions
from the Lee and Panton & Linebarger models exhibit a good match with the 3D simu
lations for the low frequency part while Kamruzzaman and Panton & Linebarger model
perform better for the high frequency part. Moreover, the results obtained by the 2D sim
ulation by imposing the velocity at z/c = —5.0 significantly improves the high frequency
part for the Kamruzzaman and Lee models, whereas it seems negligible for the Panton &
Linebarger model.

In terms of computational effort, the 3D simulations are performed on a node of a
cluster built with AMD Opteron (tm) Processor, the computation took 1767 CPU-hour for
the finest mesh while the 2D axisymmetric and 2D strip simulation for one strip location
are performed on a work station with Intel(R) Xeon(R) CPU E5-2650 and the computa
tion took 6.5 and 2.7 CPU-hour, respectively. In total, 2D approach for 5 strip locations
with correction for the flow acceleration inside the nacelle uses 20 CPU-hour (6.5+2.7x5)
which is nearly two orders of magnitude times faster than 3D simulations.

In future work, the rotational velocity component for the 2D simulation can be varied
to investigate flow field to reproduce the 3D simulations, Furthermore, the initial con
ditions could be obtained by a BEM method with the corrections for the 3D flow effects,
and used to perform the 2D analysis.
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Table 5,4: Global variables at x/c = 0.99 for different strip locations

Simulation Side Strip number ö/c Ue!UReI itr/U,ei ö*/c e/c 1-I

Strip] 0.119 1.143 0.004 0.017 0.010 3.353 6.257

Strip2 0.113 1.046 0.002 0.014 0.009 4.394 9.190

Suction Strip3 0.095 1.017 0.002 0.011 0.007 3.700 7.205

Strip4 0.081 1.005 0.001 0.009 0.006 3.109 5.611

Strip5 0.078 0.998 0.001 0.009 0.005 2.801 4.817
3D

Strip] 0.038 1.092 0.008 0.004 0.002 0.440 -0.049

Strip2 0.037 0.999 0.004 0.004 0.002 0.459 -0.024

Pressure Strip 3 0.040 0.984 0.003 0.004 0.002 0.432 0.005

Strip4 0.047 0.979 0.002 0.004 0.003 0.614 0.203

Strip5 0.046 0.978 0.002 0.004 0.003 0.746 0.411

Strip] 0.045 1.040 0.004 0.015 0.007 2.0522 3.0116

Strip2 0.038 1.000 0.002 0.013 0.006 3.0698 5.5076

Suction Strip3 0.033 0.977 0.001 0.010 0.005 1.4416 1.6928

Strip4 0.028 0.959 0.001 0.008 0.004 1.0763 0.9852

Strip5 0.026 0.953 0.001 0.007 0,004 1.0192 0.881
U2/c=-

Strip] 0.020 1.043 0.007 0.005 0.003 0.4695 -0.0087

Strip2 0.018 0.990 0.004 0.004 0.002 0.4983 0.032

Pressure Strip3 0.019 0.966 0.003 0.004 0.003 0.0956 -0.4412

Strip4 0.024 0.957 0.002 0.006 0.003 0.3586 -0.1569

Strip5 0.025 0.954 0.001 0.006 0.003 0.4198 -0.0768

Strip] 0.053 1.117 0.004 0.019 0.008 2.9334 5.1543

Strip2 0.046 1.037 0.002 0.018 0.007 4.6689 10.0076

Suction Strip3 0.037 0.995 0.001 0.012 0.006 1,6125 2.0461

Strip4 0.028 0.967 0.001 0.009 0.004 1.1291 1.0831

Strip5 0.026 0.956 0.001 0.007 0.004 1.0466 0.9308
Uz/c=_5.o

Strip] 0.018 1.117 0.008 0.005 0.002 0.322 -0.2026

Strip2 0.016 1.025 0.004 0.004 0.002 0.3451 -0.1741

Pressure Strip3 0.018 0.983 0.003 0.004 0.002 0.116 -0.4238

Strip4 0.022 0.963 0.002 0.005 0.003 0.3453 -0.1738

Strip5 0.024 0.956 0.001 0.006 0.003 0.4182 -0.0789

Strip] - - - - - - -

Strip2 0.150 0.831 - 0.108 0.013 - -9.3629

Suction Strip3 0.056 1.061 0.001 0.023 0.009 0.3904 -0.1158

Strip4 0.037 1.003 0.001 0.012 0.006 1.3222 1.454

Strip5 0.030 0.982 0.001 0.009 0.005 1.2606 1.3337
Uz/c=—o5

Strip] 0.013 1.367 0.013 0.002 0.001 0.4011 -0.1017

Strip2 0.013 1.201 0.006 0.002 0.001 - -0.6452

Pressure Strip3 0.015 1.040 0.003 0.003 0.002 0.1065 -0.4321

Strip4 0.017 0.990 0.002 0.004 0.002 0.2526 -0.285

Strip5 0.019 0.970 0.002 0.004 0.003 0.3532 -0.1638
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6
A REMOTE MICROPHONE

TECHNIQUE FOR AEROACOUSTIC

MEASUREMENTS IN LARGE WIND

TUNNELS

The present study was devoted to the development and application of a remote micro
phone technique for aeroacoustic measurements in large aerodynamic wind tunnels.
In this technique, the microphone and its connecting line to the sensing port are fitted
within an aerodynamically streamlined fairing. A model-based calibration method was
applied to account for the phase lag and dissipation within the microphone connecting
line. The proposed system allows acoustic measurements when the wind tunnel sur
face cannot be altered, since the fairing can simply be glued on the wall. The fairing is
streamlined to minimize flow disturbances as well as the risk of separation which would
otherwise contaminate the wind tunnel flow quality and acoustic measurements. It was
furthermore hoped that the acceleration of the flow over the fairing surface might reduce
the turbulence fluctuations and thereby increase the signal-to-noise ratio of the acoustic
measurements. Those aerodynamic effects were investigated with a set of hot-wire mea
surements performed in the subsonic L2B small wind tunnel of the von Karman Institute
(VKI). The mean velocity and the turbulence intensity profile were analyzed in the pres
ence of different inflow turbulence characteristics at 5, 10, and 15 m/s free-stream ve
locity. The effect of incident turbulence on the acoustic measurement was investigated
by applying the calibration procedure and comparing the measurements with a wall
mounted reference microphone signal in similar flow conditions. As an application, this
technique is used to measure the noise emitted from the contra-rotating fans of the large
Li subsonic wind tunnel of the von Karman Institute, where the microphone fairing is
placed inside the diffuser and thus subjected to a thick turbulent boundary layer.
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6.1. INTRODUCTION
The reduction of flow-generated noise has become one of the demanding design criteria
for numerous engineering applications. Consequently, a growth of interest has emerged
in the field of experimental aeroacoustics, in order to better understand aerodynamic
sound production mechanisms and to validate noise prediction methods.

Large aerodynamic wind tunnels have been and are currently being refurbished to
permit measuring the noise emissions of wing components, landing gears, wind turbine
blade sections, etc., at realistic Reynolds numbers Moreau et at [132J. In this context the
von Karman Institute for Fluid Dynamics (VKI) is investigating the possibility of using its
largest subsonic wind tunnel Li as a mean to study contra-rotating rotor (CRR) noise. In
this instance, the CRR under consideration is the twin-rotor fan that provides the flow to
the wind tunnel. In order to measure the tonal and broadband noise resulting from the
viscous wake interactions, an array of wall-mounted microphones has been designed, to
be located in the divergent section of the wind tunnel (Fig. 6.1).

The following guidelines drove the design:

1. The number and spatial distribution of microphones should permit extracting the
acoustic field in terms of its duct modal components, up to the second azimuthal
mode.

2. The placement of the microphones should not require drilling into the thick

(about 0.3 m) concrete walls of the divergent section. As a result, the microphones
shouid be encapsulated within fairings, to be glued on the inner wall of the diver
gent section.

3. The microphones fairings should not introduce additional turbulence, for the sake
of flow quality in the test section firstly, and secondly to avoid extraneous noise
generation by the guide vanes at the downstream end of the divergent section.

4. If possible, the fairings should enhance the signal-to-noise ratio between the in
cident acoustic field and the hydrodynamic pressure fluctuations induced by the
turbulent boundary layer (TBL) at the microphone locations.

Figure 6.1: The Li wind tunnel.
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While the first aspect above won’t be treated in this paper — it is discussed in length in
the literature, e.g. by Sack et al. [160], the other objectives and proposed solutions are
detailed in what follows.

The structure of the chapter is the following: Section 6.2 describes the technical so
lution adopted to meet the above objectives, which implies a modelling of the acoustic
response of the system (Section 6.3) and evaluating the influence of TBL pressure fluctu
ations on the measurement accuracy (Section 6.1). Conclusions are drawn in Section 6.5.

6.2. MIcRoPHoNE FAIRING
In order to minimize flow separation, which would otherwise alter the wind tunnel flow
quality and contaminate the microphone signal, the fairing encapsulating the micro
phone was designed using a streamlined profile, shown in Fig. 6.2(a). It is a combination
of two arcs in which the trailing edge radius, 0.2 m, is twice the leading edge radius. The
fairing has 0.224 m length, maximum height of 0.047 m and maximum width of 0.12 m.
This shape is not the result of an aerodynamic optimization, but follows empirical guide
lines to mitigate the risk of flow separation with a size compatible with the curvature of
the wind tunnel wall. The microphone is lying horizontal to minimize blockage, and its
holding part was designed in a modular way, such that it can be disassembled from the
fairing and fitted on a calibrator shown in Fig. 6.2(b). The aim here is to permit a cali
bration as close to in-situ conditions as possible, accounting for the acoustic response of
the channel and cavity that lead from the pressure port to the microphone membrane.
The dimensioning of the line-cavity system was performed by means of a linear response
model detailed in Section 6.3, together with its experimental validation.

(a)

Figure 6.2: CAD drawing of (a) the fairing, the holding part with the microphone and the assembly, (b) the
calibrator with the holding parts and a reference microphone.

Another purpose of the design, justifying the position of the pressure tap on the fair
ing top, is to take advantage of the local acceleration that occurs from the leading edge
of the fairing. This is an attempt to reduce the turbulent fluctuations and improve the

(b)
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relative importance of the acoustic signal. Section 6.4 details the hot wire measurements
that were conducted over the fairing in order to quantify the effect of the acceleration on
the turbulence intensity, and to correlate this effect to the quality of the acoustic mea
surements.

6.3. LINE-cAvITY RESPONSE MODEL

The microphone is connected to the pressure port via an L-shaped line and cone shaped
cavity system as shown in Fig. 6.3(a). The length and diameter of the line, as well as
the cavity volume, have an important effect on the amplitude and phase lag of the pres
sure fluctuations sensed by the microphone membrane. Since the frequency response
of the line-cavity system can exhibit strong resonances that are detrimental to the mea
surement accuracy, several methods can be employed to damp out the resonance. A
possibility is to use a small diameter flexible tube. However, this can introduce a signal
distortion. Another method is to insert dampers to suppress the resonance in the system
as described in Surry and Stathopoulos [1791. Eventually, the most promising solution
was found to consist in correcting the signal based on the measured transfer function
of the system. A correction of the amplitude is sufficient when single sensor measure
ments are to be processed, but in our case a phase calibration is also needed since the
duct modal eduction makes use of the phase between different microphones. An exam
ple of a digital correction technique using the inverse transfer function was introduced
by Irwin et al. [1051. This strategy will be followed in this paper, using the measured
transfer function 114, 1471.

Total
Diameter (2R) Volume

oithePipe

(b)

Figure 6.3: (a) Microphone holding part, inserted in the fairing as shown in Fig. (S.2(a); (b) its simplification as
a line-cavity system.

The analytical models that simulate the dynamic response of the tube are investi
gated by Bergh and Tijdeman [21] and citetstinson amongst others [10, 84, 196]. These
models account for compressibility effects, viscous dissipation, heat loss, and elastic ex
pansion [100]. In this paper, the remote microphone technique will be compared with
the Bergh and Tijdeman [21] model. The model is expressed as a linear time-invariant
system subjected to small amplitude perturbations.

(a)
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The transfer function between the pressure at the port opening and the pressure
sensed by the pressure sensor is given by Bergh and Tijdeman [211:

r vt 1\ i’
Lc0sh2(I’) + — a

+ —) ncbLsinh(cPL)j (6.1)
P0 Vt k

where
=

with a i3!2Rv/ is the shear wave number where the vis
cosity is taken into account, i is the imaginary unit, R is the tube radius, Ps j5 the mean

density, v is the frequency, i is the absolute fluid viscosity, ii [i +

is a polytropic constant, Pr is the Prandtl number, y = Cr/C,, is the specific heat
ratio, J7, is the Bessel function of first kind of order in, a0 is the mean velocity of the
sound, L is the length of the pipe, V and V are the pressure transducer and tube vol
ume, a is the dimensionless increase in transducer volume due to diaphragm deflection,
and k is the polytropic constant for the volumes [211. This model was implemented in a
VKI in-house MATLAB code named PreMeSys [331.

The three geometrical parameters which affect the frequency response function are
the line radius, length, and the cavity volume. Their influence has been quantitatively
validated using the results of Bergh and Tijdeman [211. Since the amplitude and fre
quency of the resonance are most sensitive to the line radius and the line length, these
variables represent the most effective design parameters. In contrast, changing the cav
ity volume within the limits of practicality does not affect significantly the resonance
frequency. A high resonance frequency of the system would be achieved with small line
length and cavity volume, and a large line radius. However, a large diameter increases
the probing area, leading to a degradation of the spatial resolution and aliowing turbu
lence to contaminate the microphone measurements.

Their influence is investigated in Fig. 6.4. The results permit validating the PreMeSys
code. They also indicate that

• increasing the line radius has the effect of increasing the resonance frequency, as
well as its amplitude as a result of lower viscous losses;

• increasing the line length increases the propagation time and adds viscous losses,
such that both resonance amplitude and frequency decrease;

• increasing the volume adds a buffer for the acoustic propagation in the system,
leading as well to a reduction of the resonance amplitude and frequency.

6.3.1. DESIGN OF THE FAIRINGS
The pipe length and radius, as well as the cavity volume, were designed to avoid a po
tential flow and acoustic coupling as observed byTonon et al. [1881. In such a feedback
mechanism, the vortex shedding at the port aperture couples with the acoustic response
of the branch at the closed end. The vortex shedding at the port aperture was charac
terized by a Strouhal number St = 2fR/Uo observed around 0.4, where U0 is the velocity
above the aperture. A small pipe radius R is desirable for the sake of spatial resolution,
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with the smallest radius that can be drilled with precision being 0.5 i0 m. Three pipe-
cavity systems with a radius size of 0.5- i0, 1.0. i0, and 1.5 i0 m were calculated
with PreMeSys to obtain the acoustic resonance frequency. The equivalent line-cavity
model is illustrated in Fig. 6.3(b), where the total volume of the equivalent cavity in
cludes the volume between the protection grid and the membrane. The geometrical
parameters were calculated from the CAD model as indicated in Table 6.1. The results
obtained with PreMeSys are shown in Fig. 6.5.

Radius- 10 (m) Length 10 (ml Volume- 10 (md)

0.5 30.4 304
1.0 30.9 304
1.5 31.4 299

Table 6.1: Parameters for the pipe-cavity systems of Fig. 6.3.

For the targeted application presented in Section 6.4.3, the grazing flow velocity Uo
is of the order of 10 m/s. The frequencies corresponding to St = 0.4 are fst = 4kHz, 2 kHz
and 1.3 kHz for radii of 0.5 i0 m, 1.010 m, and 1.5 i0 m, respectively. From Fig. 6.5,
it can be observed that the acoustic resonance frequencies of the pipe-cavity systems for
R 0.5- i0 m and 1.0 i0 m are well below those values, which should thus not lead
to spurious flow-acoustic resonances. A pipe radius of 1 mm was finally selected as it
provides a nearly constant gain for the frequency range of interest for the application
described in Section 6.4.3, which is [0,500] Hz.

0
C.)

U
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0
.10
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E
<0

0 1000 2000 3000
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Figure 6.5: Investigation of the parameters in Table 6.1 with PreMeSs.

6.3.2. CALIBRATIoN PRocEDuRE
The static calibration was performed by using the B&K Sound Calibrator Type 4231. The
calibrator emits a continuous signal at 1 kHz with a sound pressure level of 94 dB. The dy
namic calibration was performed with the calibrator shown in Fig. 6.2(b). A loudspeaker
was placed on one side of the calibration tube and, on the other side, the microphones
were distributed equally at the same axial position.

The data acquisition was performed by National Instrument cDAQ-9178 with two
modules: NI 9215 for the microphones and NI 9263 for the loudspeaker. B&K 4938A-

4000
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011-1/4-inch pressure-field microphones with Type 2670 preamplifier were connected
to the B&K Nexus conditioning amplifier Type 2960-A. The microphones were exposed
to a chirp signal, where the frequency range starts from the lowest frequency emitted
from the loudspeaker (fj, 100 Hz) up to the cut-off frequency of the pipe (finax 5
kHz). The sampling rate was chosen as 51.2 kHz with 220 samples. A reference micro
phone was flush-mounted to determine the response of the pipe-cavity system for the
three different configurations. The measured transfer function is defined as [30, 961:

H(f) (6.2)

where 1 denotes the reference microphone and 2 is the pipe-cavity system, S21 is the
cross power spectral density of the reference microphone and the pipe-cavity system
and S1, is the power spectral density of the reference microphone. The transfer function
is calculated by tfestimate MATLAB code, which uses Welch’s averaged, modified pen
odogram method. The signals are divided by 216 segments with 50% overlap by applying
Hanning window. Afterward, the periodogram of each segment is calculated and the
spectral densities are averaged.

The pipe-cavity system was machined out of a block of Teflon. Three designs with
three different pipe radii have been tested using the calibrator to obtain the trans
fer function. The results are shown in Fig. 6.6 for the largest of the three radii, R
1.5 x i0 m, and for 8 different realizations of the same design. The results indicate
that both for the magnitude and phase, significant discrepancies are observed between
the measured transfer function and the theoretical model, and even between different
realizations, in spite of similar manufacturing qualities. In terms of amplitude, the mea
sured values are significantly below the prediction, which we conjecture can be due to
the mechanical compliance and roughness of the material. This was also observed by
Hurst and Van De Weert 11001, who also used Teflon.

6.4. AERODYNAMIC EFFECTS OF THE FAIRING ON THE ACOUS

TIC MEASUREMENTS

Hot-wire measurements and acoustic measurements have been performed with and
without the fairing in the L2B wind tunnel of VKI to assess the effect that the fairing
has on the grazing flow at the sensing port. L2B is an open circuit wind tunnel of suction
type with a 4.4 kW variable-speed DC motor providing a maximum velocity of 35 rn/s.
The rectangular test section, shown in Fig. 6.7, is H = 0.35 m high, 0.35 m wide, and 2 IT1

long. The fairing, with maximum height at the sensing port equal to 0.13H, was placed
at a distance 3.86H downstream of the inlet. The boundary layer measurements were
obtained at a single axial position above the sensing port of the pipe-cavity system. A
reference microphone was placed at the same axial and spanwise location, but flush-
mounted on the opposite wall. A Prandtl tube was used to measure the free-stream ve
locity at channel mid-height. The hot-wire and acoustic measurements were performed
with a sampling frequency of 51.2 kHz with 220 samples.
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Figure 6.7: L2B wind tunnel setup.

6.4.1. AERoDYNAMIcs

The mean velocity profile and the turbulence intensity are shown in Fig. 6.8, for three
different velocities: 5, 10, and 15 mIs. Here, y is the distance from the surface of the
wind tunnel lower wall, or from the surface of the fairing when the latter is in place. Uref
is the reference velocity measured at channel mid-height, used for the calculation of the

turbulence intensity Ti. !Uref. In the presence of the fairing and for a canonical
flat plate incoming turbulent boundary layer, Fig. 6.8 (up) shows that the velocity ac
celerates and causes a reduction of the turbulence intensity over most of the boundary
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layer height, except close to the surface where the turbulence intensity remains mostly
unaffected.

A second measurement campaign was conducted, to evaluate the effect of the fair
ing subjected this time to a highly turbulent boundary layer, produced by turbulence-
generating blocks (TGBs). Rectangular cross-section blocks extending over the full chan
nel span perpendicuiarly to the mean flow, with streamwise dimension 0.057 H and
height 0.086 H, were placed at 2.14 H upstream of the fairing leading edge (see Fig. 6.7),
on the bottom and upper walls of the wind tunnel. A longitudinal separation between
the TGB and the microphones around 25 block heights ensures that the microphones
are well beyond the reattachment of the block-induced separation bubble, even if the
redeveloping turbulent boundary layer has probably not reached equilibrium yet when
reaching the microphones. This is not considered an issue, the purpose of this study be
ing mostly to obtain a thicker and more turbulent boundary layer at the location of the
sensing port.

The same reference velocity as before, Uref = 5,10 and 15m/s, was maintained at
channel mid-height. The mean velocity and turbulence intensity profiles, obtained with
the TGBs in place, are shown in Fig. 6.8 (bottom). The boundary layer thickness appears
to be substantially larger than in the clean case, as desired. In this high turbulence case,
while the acceleration of the mean flow induced by the fairing is still significant, the
benefits in terms of turbulence reduction are mitigated: reduction is only observed for
y/H>0.06 while a substantial increase of the turbulence is found closer to the sensing
port, with turbulence levels in excess of 20% to be compared with the 13-14% that was
measured in absence of fairing. This is anticipated to be detrimental for the acoustic
measurement accuracy.

6.4.2. AcousTic MEASUREMENTS

Two measurement campaigns were conducted. In the first one, a lousdpeaker is used,
and fed with a low-frequency signal in order to generate a plane wave at the axial location
of the L2B duct where two microphones are located (see Fig. 6.7). In the second one, no
loudspeaker is used and the background noise of the L2B wind tunnel is measured.

First acoustic measurement campaign: using a loudspeaker source

The acoustic pressure spectra below are expressed as Sound Pressure Levels (SPL) using
the conventional reference pressure of 20 pPa. The power spectra were computed by
piveich MATLAB code and the required parameters were chosen to be the same as in
the calibration procedure. For the first acoustic measurement campaign, a chirp signal
spanning from 10Hz to 500 Hz was used, the first transversal cut-off frequency of the
duct corresponding to kH = ir being 485 Hz [951. The reference microphone being flush-
mounted, it is directly exposed to the incident acoustic field and incoming turbulent
pressure fluctuations. The second microphone is installed in the aerodynamic fairing,
with its sensing port at the same axial location, and should therefore sample the same
acoustic signal in both amplitude and phase. From the results of Section 6.4.1, one might
however expect different pressure measurements owing to the different evolutions of
the boundary layers sensed by the reference and fairing microphone. It was therefore
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verified a priori that the amplitude of the loudspeaker excitation is sufficiently above
the background noise of the L2B facility. The results shown in Fig. 6.9 indicate that this
condition is fulfilled at 10 m/s, for which the loudspeaker level is at least 10 dB above the
background noise of the facility. This is true except for frequencies below 60 Hz, where
the wind tunnel longitudinal resonances dominate, and at the Blade Passing Frequency
of the axial fan (121 Hz and 176 Hz for 10 rn/s and 15m/s, respectively) and its higher
harmonics. For U 15 m/s, the background noise cannot be considered as negligible
over a large range of frequencies. Thus, the following results focus on the 10 rn/s case
accordingly.

100 fl’-—-r—

.

50 E [ckground Noise lOm/s
—LSon 10 rn/s

Background Noise 15m/s
LSonl5m/s

0•
100 200 300 400 500

Frequency [Hz]

Figure 6.9: Amplitude of the loudspeaker excitation compared with the L2B background noise for U = 10 m/s
and 15m/s,

The transfer function obtained from the calibration procedure is applied in the
Fourier domain to the signal received from the fairing to calibrate the signal:

M(f)
R(f)

H(f)
(6.3)

where M is the raw signal received from the fairing, H is the transfer function given in
Eq. (6.2) and R is the calibrated signal. Fig. 6.10 permits comparing the wall pressure sig
nal, the raw signal and the calibrated signal at 10 m/s. The effect of the correction is rel
atively minor over most of the frequency range (consistently with Fig. 6.6), but reaches a
non-negligible difference of 5 dB at 460 Hz, where it still permits an acceptable compen
sation. Above 460 Hz (kH = 2.98), the appearance of slowly decaying cut-off transverse
modes can probably explain the discrepancy between the acoustic fields measured at
the upper and lower plates, the loudspeaker being mounted on the upper ‘vall at only
2H of longitudinal distance upstream of the microphones section.

With regard to the phase compensation, Fig. 6.11 shows the phase between the wall
pressure signal and fairing microphones (theoretically zero for the plane wave mode),
without and with compensation applied to the latter. Consistently with the phase cali
bration shown in Fig. 6.6, it can be seen that the phase compensation is relatively minor
in this frequency range, but still brings an improvement with respect to the raw signal.

Second acoustic measurement campaign: measuringfiwility background noise
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Figure 6.11: Phase difference berween the wall pressure signal and fairing microphones, without and with
phase compensation for the latter.
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The objective of the second acoustic measurement campaign is twofold: i) to assess the
effect of the compensation for a wider frequency range including the resonance of the
pipe-cavity system (observed to lie around 700 Hz in Fig. 6.6), and ii) to quantify the im
pact of the aiteration of the turbulent flow by the fairing, observed in Section 6.4.1, on the
measured pressure fluctuation. For those measurements, the loudspeaker is not used,
and the background noise produced by the L2B facility serves as test signal.

The considered frequency range extends up to 5kHz. Note that the pressure spec
tra shown below, including non-negligible turbulent pressure components for some fre
quencies, are still expressed in terms of Sound Pressure Levels with a reference pressure
of 20 !lPa. It was verified as a preliminary step that the extended pressure spectra are
similar on both lower and upper walls of the test section when measured with flush-
mounted microphones. Figure 6.12 confirms this assumption, permitting in what fol
lows the comparison of flush-mounted microphone measurements at the upper wall
with fairing microphone measurements at the lower wall under identical flow condi
tions. Similar conclusions were reached for a free-stream velocity of 15 m/s, and also in
presence of the turbulence-generating blocks.

100 I

80

60 .,,.,

& , I
Ii.
(.1) -

‘+0 —Upper, ‘.

Lower
20

101 102
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Figure 6.12: \VaIl pressure spectra measured at the upper and lower walls of the L2B test section using flush-
mounted microphones.

The case without TGB is discussed first. The effectiveness of compensating the fair
ing microphone measurements using the measured calibration function is quite obvious
in Fig. 6.13, especially in the range [600-9001 Hz where it removes the resonance of the
pipe-cavity system, and above 1 kHz where it corrects for the attenuation in the line.
Concerning the alteration of turbulence due to the fairing, comparing the calibrated
signal and flush-mounted microphones measurements does not allow to discern any
substantial difference in spite of the strong acceleration of the flow and substantial re
duction of the turbulence intensity (at least far enough from the wall) that were observed
in Fig. 6.8 (top). This can be an indication that the measured pressure fluctuations are
mostly radiated by the facility and of acoustic nature, and/or that the local wall pressure
fluctuations are mostly induced by the near-wall turbulence, which was indeed observed
to not vary significantly in Fig. 6.8 (top-right).

Since comparing the spectra at lOm/s and 15m/s doesn’t allow to elucidate the
acoustic vs. turbulent nature of the measured pressure fluctuations, the attention is now
turned to the measurements performed with the TGBs, forcing larger incoming turbu
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lOm/s (a) and 15m/s (b). Clean incoming boundary layer.
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lence intensities. The effect of the TGB is quantified by the flush microphone spectra

shown in Fig. 6.14, where the frequency axis has been rescaled by the Blade Passing Fre
quency (BPF) to facilitate comparison, since the fan speed had to be slightly adjusted to
maintain the free-stream velocity in presence of the TGBs. The effect of the increased
turbulence is mostly visible below the first BPF where the levels are increased by about
5 to 10dB depending on the flow speed, compared with the clean TBL case. At higher

frequencies the spectrum seems to be dominated by the background acoustic noise of

the facility, both in terms of tonal and broadband content.
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Figure 6.14: Effect of the turbulence-generating blocks on the spectra measured by the flush-mounted micro

phone for U tOm/s (a) and 15m/s (b).

In contrast, the acoustic spectra measured by the fairing microphone (Fig. 6.15) ex
hibit shape and levels that indicate a more intense contribution of the turbulent pres
sure fluctuations for the fairing microphone than for the flush-mounted one. The in

creased turbulence pressure levels range from 3-5 dB at low frequencies below the BPF, to

reach about 10 dB above 1 kHz at 15 mIs. This result is consistent with the substantial in

crease of the turbulence intensity close to the fairing surface that was reported in Fig. 6.8
(bottom-right) from the hot wire measurements. This investigation doesn’t permit to re

solve whether the increase of the measured turbulence pressure levels is predominantly
caused by the flow acceleration over the fairing, or due to the sensing location being de
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Figure 6.15: Effect of the fairing microphone compensation on the measured pressure spectrum for U =

lOm/s (up) and 15 m/s (down). Boundary layer with TGB5.

6.4.3. APPLICATIoN: CONTRA-ROTATING ROTOR MEASUREMENTS
Contra-rotating fan measurements are performed in the diffuser of the subsonic Li wind
tunnel in VKI (Fig. 6.1). The contra-rotating fans are 4.2 m in diameter and are driven
by a 580 kW variable speed DC motor, allowing a continuous variation of the velocity
in the 3m diameter test section frotn 2 to 60 mIs. The diffuser is a circular divergent
concrete duct with diameter starting from 4.2 m to reach 6 m over 20.4 m of length. A
fairing was placed 13.20 m downstream of the fans. A free-field microphone with a wind
shield was also installed at the same axial and azimuthal position, about 0.1 m above
the fairing for comparison. The measurements were performed with a sampling rate
of 25.6 kHz with 200,000 samples. The power spectral densities of the free-field micro
phone and the signal received from the fairing at 500 RPM are shown in Fig. 6.16. The

ported upwards itself, or a combination of both effects. But it can be noted that in the
present case the fairing height of 0.13H, coincidentally, brings the sensing port location
roughly at the height x•vhere the maximum T.I. was measured in absence of the fairing
(Fig. 6.8). Irrespectively of these effects, Fig. 6.15 demonstrates again the efficiency of
the signal compensation to remove the effects of line-cavity resonance and dissipation.
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Figure 6.16: Comparison of the free-field microphone, raw and calibrated signals, 500 RPM.

signal received from the fairing is calibrated by applying the transfer function obtained
from the calibration procedure described above. In the raw signal, a strong resonance
peak around 0.75 kHz followed by an anti-resonance are observed due to the pipe-cavity
system. However, after calibrating the signal using the measured transfer function, the
artifacts of the line-cavity oscillating response are eliminated and a good match with the
free-field wind-shielded microphone is obtained.

6.5. CONCLUSIONS AND PERSPECTIVES

The present work describes an experimental technique aimed at measuring aerody
namic noise in closed test section wind tunnels. The fairing approach permits installing
microphones in wind tunnels where the duct walls cannot be conveniently altered, while
minimizing the flow disturbances. The microphone is positioned horizontally inside the
fairing and is remotely connected to the test section through a pipe-cavity system.

The design of the pipe-cavity system was performed following an analytical model,
which proved good enough to derive the main dimensions. The model did however ex
hibit too much deviation from the measured response function to be used for calibra
tion. A systematic calibration procedure has to be applied to each individual micro
phone line-cavity holder, which permitted to accurately compensate for the resonance
and attenuation of the system.

The aerodynamic effect of the fairing was investigated in a small wind tunnel by
means of hot-wire measurements for different velocities, and for low and high turbu
lence intensities. While it was verified that the fairing induces a strong acceleration of
the flow, the expected benefits in terms of turbulence reduction were not observed. For
the clean wall turbulent boundary layer case, the reduction of turbulence only occurs
far from the wall but remains mostly unaffected in the immediate vicinity of the surface.
And in the high incoming turbulence case, the near-wall turbulence is even observed to
increase significantly in the presence of the fairing.

As a practical application, the noise emitted by the contra-rotating fan of the sub
sonic Li wind tunnel was measured. A fairing was installed in the downstream part of
the diffuser, together with a free-field microphone protected by a windshield. The pos
itive match between the compensated fairing and free-field signals demonstrate again
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the effective compensation of the line-cavity resonance and attenuation effects. This
validates the concept of fitting the microphones in an aerodynamically-shaped fairing
to avoid introducing flow disturbances. However, further research is needed to reach
a more thorough comprehension of the acoustic vs. hydrodynamic content of the mea
sured signals. This might be achieved through modal decomposition of the pressure field
measured by multiple fairing microphones, in order to extract the pressure component
matching the expected acoustic propagation pattern in a slowly-diverging duct.

ci





7
AN INVESTIGATION ON THE EFFECT

OF THE INFLOW QUALITY

This section focuses on a preliminary experimental campaign to investigate the effect
of inflow conditions on the aerodynamic performance and aeroacoustic installation ef
fect for a Building Integrated Wind Turbine (BIWI). The building model of Brussels Fi
nance Tower from a former study [141] is used with the straight duct model and wind tur
bine model. Two types of neutral Atmospheric Boundary Layer (ABL) conditions, from
slightly rough and moderately rough classes, generated in the VKI L-1B wind tunnel are
used for investigation of turbulence effects, and six angles from 00 to 75° are used to in
vestigate the inflow orientation. The power measurements are performed for a wind tur
bine within the building and another one placed on the top of the building with varying
angle of attacks and different inflow conditions. Furthermore, acoustic measurements
within the duct are performed by nine flushed-mounted microphones with varying in
flow characteristics and direction.

7.1. INTRODUCTION

Wind turbines have been utilized mainly in rural areas due to available space and estab
lished wind resources. As a drawback, it has sometimes caused a significant alteration
of the landscape. Also, losses incurred during the transportation of electricity to the res
idential areas are penalizing the global efficiency. For these reasons, integrating wind
turbines into the building environment is currently being considered, as it should min
imize those loses and cause less damage to rural areas. However, there are some disad
vantages as it is unsuitable to construct wind farms not only due to the lower speed and
high turbulence caused by the surface roughness of the complex building arrangement
but also due to the lack of space for large wind turbines in urban areas 11451. For this as
pect, high-rise buildings offer an interesting compromise as the surface roughness has
less effect on the urban area at higher altitudes, thus resulting in a higher velocity and
low turbulence. Also, with a correct arrangement of the buildings, a funnel effect could

111
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Figure 7.1: BLWT system using wind turbines: (a) three possible installations for large-size wind turbines, and
(b) two possible installations for small size wind turbines [1451.

be created [145]. Both of the aspects would lead to a velocity augmentation and thus, a
higher power output. These types of wind turbines which are integrated to a building are
called Building Integrated Wind Turbines (BIWT). Depending on the size of the wind tur
bine, the installation locations might change as illustrated in Fig. 7.1. For the small wind
turbines, there are two possible installation locations: on top or alongside the building.
For the wind turbines larger in size, they can only be placed on top or alongside the
building, or within a duct.

Utilizing the small wind turbines within the building is considered an economical
method, since the existing building can be used without additional modifications and
structural strengthening [145]. However, the total output is found to be lower than the
larger wind turbines since they can be installed into limited spaces [145]. For the larger
wind turbines, the main issue is the structural strengthening due to the wind loads ex
posed to the wind turbine. Therefore, additional precautions need to be taken.

Regarding the installation location strategy of wind turbines, the configuration on
top of buildings benefits from the higher wind speed as well as the less turbulent
flow [177]. Moreover, the wind turbine location on the rooftop is interesting to avoid the
recirculation zone of low velocity and high turbulence which is caused by the edge of the
building. However, with wind turbines within an adjacent building or in a duct through a
building, there is a benefit in the pressure difference between upstream and downstream
faces of the building, which induces the velocity through the channel. The investiga
tion conducted by BDSP Partnership [177], comparing seven BIWT configurations with

a)

b)
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their base model at the same height, found that the circular duct with smooth edges pro
duces the maximum power production with respect to the different wind types of uni
form wind, wealdy and strongly unidirectional wind, and hi-directional wind. Although
this configuration produces the maximum power generation, this also contributes to the
acoustic nuisance due to the horn effect of such installation, which is particularly prob
lematic in a densely populated urban environment. Moreover, the sound generation
process is quite sensitive to the quality of the inflow, which can vary sensibly depend
ing on the integration of the setup in the building, on the wind speed and direction, etc.
Research is thus needed to better understand the aerodynamic performance vs. noise
tradeoffs that can be achieved by BIWT configurations within the duct.

This section aims at investigating the effect of the inflow quality on the power gener
ation as well as the acoustic installation of a wind turbine placed in a building-integrated
duct. An experimental campaign is carried out in the VKI Li-B wind tunnel where two
types ofABL are simulated as an incoming flow. Later, the inflow direction is investigated
by varying the angle of attack. In addition, the power measurements are performed with
two wind turbine configurations simultaneously; one is on the top of the building and
the other one is in the duct for comparison.

7.2. EXPERIMENTAL SETUP, ACQUISITION CHAIN, AND POST-

PROCESSING

7.2.1. BUILDING AND ‘NIND TURBINE MODELS
In previous study [141], the Brussels Finance Tower Building of 145 m height shown in
Fig. 7.2 is modelled with 1/200 scale as representing the high-rise building in an urban
environment. The building model has a height of 0.725 m with 0.188 m of width and
0.439m of length which are specified in Fig. 7.3.

H0. 725 m

W=O.188 m

Figure 7.3: Building model.

In a the previous study, three different duct models and three different height config
urations were investigated (details can be found in 1141]). However, in this study only the
straight duct which has a 0.102m diameter at the highest position will be investigated.

Figure 7.2: Brussels Finance Tower .

1http://www.jaspers-eyers.be/finance-tower
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It should be noted that the straight duct model has sharp edges in the inlet which differs
from the other two duct designs in the previous study where the inlets were smoothly
rounded. Thus, a separation might be observed in this configuration with a recircula
tion zone that may close upstream or downstream of the rotor plane depending on the
incoming flow direction. However, a further investigation would be needed to analyse
the flow at the inlet, which is not the aim of this study.

To investigate the power efficiency of the BIWI installation positions, a turbine is
placed on the top of the building and another one is placed inside of the duct. Power
measurement is performed for both wind turbines simultaneously and their configura
tion is given in Fig. 7.4. Hub heights of the in duct and roof mounted turbines from test
section ground are 0.620 m and 0.855 m, respectively. When placing the top wind tur
bine, the middle position of the roof plane is considered without further investigating
the separation due to the sharp edge and the recirculation zone caused by it.

The wind turbine model used on the top of the building has a HAM-STD HS1-606
airfoil type with 0.15 m diameter. The wind turbine used inside of the duct is an iden
tical turbine, however, with a diameter of 0.1 m as the blades had to be cut to meet the
blockage restriction 11411. For both wind turbines, a Maxon motor model-361773 is used
as generator. Detailed drawings of wind turbine, duct and building models can be found
in Appendix C.

To measure the noise from the ducted wind turbine, 9 flush mounted electret mi
crophones Knowles model FG-23742-C05 are used as specified in Ref [1411. They are
mounted on the duct in 3 azimuthal arrays: Upstream (U), Downstream (D), and Further
Downstream (FD). The microphones which are in the same axial positions are numbered
as # 1,2 and 3. Figure 7.5 shows locations and numeration of the microphones. It should
be noted that the aeroacoustics measurements are performed only with the in-duct con-

Figure 7.4: The in-duct and roof mounted turbine models.
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figuration.

7.2.2. WIND TURBINE CHARACTERIZATION

To find the optimum operating condition for these wind turbines, their performance
curves are taken from previous studies [50, 1411. Figure 7.6 shows the characterization
of the wind turbines as a function of an electrical resistance versus the power coefficient
with different velocities in the VKJ L-12 facility, which has a 0.2x0.2m test section, a
maximum speed of 15 m/s and a 0.3% turbulence level [50, 1411. For both wind turbines,
it can be observed that the power coefficient increases until an optimum resistance, and
decreases afterwards. Each velocity curve has a different optimum resistance value. For
the wind turbine mounted on top of the building, a velocity of 5m/s shows a plateau
from 2.5 to 8 ohm, with a consistent maximum for both velocities corresponding to 5.6
ohm. For the in-duct wind turbine, 6.8 ohm is chosen as an optimum resistance.

As mentioned before, both wind turbines have the same design except the in-duct
wind turbine’s blade is cut at the tip. Since the optimized blade geometry is altered it
may produce less energy than the wind turbine on the top of the building. The power
coefficient of both wind turbines with different resistances are calculated from Eq. 7.4
arid given in Fig. 7.6 which indicates that the top wind turbine has a higher power coef
ficient than the in-duct wind turbine.

Figure 7.5: Microphone locations and numeration.
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7.2.3. ATMOSPHERIC BOUNDARY LAYER TYPE

The ABL consists of two layers: the inner region and the outer region. The outer region,
which is also called as the Ekman layer, has little dependence on the nature of surface;
however the Coriolis force due to the rotation of the Earth has an important role. On
the contrary, the inner region of the ABL surface layer is dependent on the surface char
acteristics and shows almost no dependence on the rotational motion. The influence
of surface, which consists of roughness elements, is directly felt at the interfacial sub-
layer, which is the layer of air within and just above the roughness elements of the sur
face [74[. The height of the ABL and the turbulence intensity are dependent on thermal
stratification, in addition to the rotational motion of Earth and its surface roughness.
The stratification is said to be neutral when the air rising from the surface is in thermal
equilibrium with the surrounding air. The occurrence of a neutral state in the case of
strong winds is therefore the most important to consider. It also represents an average
condition between stable and unstable ABL conditions [501. The vertical velocity proffle
in neutral conditions, in the surface layer, with no pressure gradient is described by the
logarithmic law

U 1 fz\
—=—lnl—) (7.1)
U K \Zo)

where u is the friction velocity and zO is the aerodynamic roughness length. zo, a func
tion of real surface roughness.

The mean velocity profile is often approximated,

(7,2)
Uref Zref )ABL

where Uref is the reference velocity at a reference height Zref, and a is the power law
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Upitot(z)

UUref(Z)
Uref(Zref)

coefficient. Roughness classes of ABL determined by z0 and aABL values can be found in
VDI [54] and Eurocode [176] standards.

The VKI Li-B wind turbine mentioned in Sec. 6.4.3 is chosen to model the neutral
ABL. Two configurations: with grid (G) and with grid, fence and cups (GFC) are repro
duced from an existing study 142]. For the first configuration, only the monoplane grid
which has a mesh size of 0.02x 0.02 m is used. For the second configuration, a 0.15 m
fence is placed in front of the grid and 32mm height cups are placed within the 12 m be
fore the test section as shown in Fig. 7.7 and Fig. 7.8. From the previous studies [32, 48],
the type of ABLs are found to be slightly rough for the G configuration and moderately
rough for the GFC configuration.

c’o

4

Empty (G) or wfth cups (GFC),12 m

Figure 7.7: The configuration of the ABL in the VKI Li -B wind tunnel.

2.6 m turntable

In order to characterize the wind tunnel ABL 3C-HWA measurements are carried out
just upstream of the turntable and on the central axis of the test section. Streamwise ve
locity and turbulence intensity profiles are obtained along vertical traverses from height
of 0.01 m to 0.32 m. The wind tunnel reference velocity is measured by a pitot tube at
0.13 m above the test section ground upstream of the turntable. It was measured to be
8 m/s. Note that the reference pitot tube is located within the boundary layer. The mean
axial velocity and turbulent intensity profile are shown in Fig. 7.9. In each measurement
campaign, the velocity profile is corrected by the reference Pitot-Prandtl tube by the fol
lowing formula assuming a linear relationship:

(7,3)

where U is the corrected average velocity, Uref is the average velocity of the reference
ABL measurements, U1,j is the speed measured from reference Pitot-Prandtl tube, z
is the height from the ground of test section, and Zref the fixed height of Pitot-Prandtl
tube.

The mean velocity at the hub level of the ducted wind turbine is 0.3 rn/s higher for
the GFC ABL configuration than for the G configuration. Simultaneously, the turbulence
intensity doubles from the G ABL configuration to GFC. The main difference between
two ABL configurations is thus the turbulence level that is ingested by the ducted wind
turbine rotor.
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Figure 7.8: The cups and reference Pitot-Prandtl tube in L-1B wind tunnel test section.
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Figure 7.9: Mean velocity and turbulence intensity (TI.) profiles of G (black) and GFC (red) ABL configurations.
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7.2.4. ACQUISITION CHAIN AND POST-PROCESSING
The instrumentation chain consists of one pitot tube to monitor the inflow velocity, two
power measurements for the two wind turbines with a control board, and nine micro
phones that are placed inside the duct. The power generated by both wind turbines is
measured simultaneously. For the acoustic measurements, the top roof wind turbine is
removed in order to avoid contaminating the noise measurements of the ducted one.
Both measurements are performed for two ABL flow types and six incoming flow direc
tions.

The data acquisition system consists of a PM system whose components are in
cluded a PXIe-1065 chassis, a PXIe-8840 controller, and several PXJ DC modules. For
simplicity, the same sampling rate is used for all channels.

A pressure transducer with a range of ±0.75 psi is used for the pitot tube.
The power generated by both wind turbines (in-duct and top) is measured simul

taneously with an in-house control board [19, 501. The electrical circuit of the board
contains a resistance that dissipates the power generated by the wind turbine. Differ
ent tip-speed ratios are obtained for different values of that adjustable resistance. The
control board has three BNC outputs. The first output enables the measurement of the
rotational speed of the wind turbine from the voltage of the generator’s encoder. The sec
ond output gives a voltage signal image of the current generated by the wind turbine (I)
which can be obtained by an ampere-meter plugged to the control board. The last out
put provides the wind turbines generator’s voltage (V) [501. From the below equation,
the power coefficient is calculated as:

c - electrical - VI
power

A rr3wind P S hub

where A5 is the swept area of the wind turbine rotor and Uh11b is the incoming velocity
at hub level. The details of the control board are given in Appendix C.2. The rotational
speed outputs of the turbines are connected to the PM module whereas the output volt
age is acquired by the aforementioned National Instrument PM acquisition board with
a sampling rate of 51.2 kHz and over a duration of 120s. The voltage output is acquired
by a National Instrument CompaqDAC NI9215 system at a sampling rate of 12.8 kHz and
for 120 s as well. The current output is displayed by a simple hand-held multimeter.

The calibration of the microphones is not performed, being difficult to perform in
situ for this case. The microphones’ signals are sampled by the above mentioned PM
system for 120 s at 51.2 kHz. The power spectrum density is obtained using the MATLAB
pwelch function, where the signal is divided into 214 sample segments with 50% overlap
and applying a Hanning window.

7.3. POWER MEASUREMENTS
As stated before, a difference between the wind turbines is that different resistances are
used for the power measurements. A resistance of 5.6 ohm was used for the top wind tur
bine, whereas 6.8 ohm was used for the in-duct wind turbine to operate at the optimum
conditions. These were determined by the previous studies conducted in the VKI L12
wind tunnel as mentioned before. Secondly, their swept areas are different since the in
duct wind turbine blades are cut to fit within the duct. Thirdly, the inflow velocity at the
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hub, UJwb is different for both wind turbines. However, the formulation given in Eq. 7.4 is
a dimensionless number based on the velocity, UInth and the swept area, A. Therefore,
the two turbines can be compared as shown in Fig. 7.10 with two ABL configurations: G
(black) and GFC (red) with respect to six inflow directions.

0.12

0.1

0.08

0.06
0

0.04

0.02

0

Figure 7.10: The power coefficient of the two wind turbines; WT in-duct (+) and WI on top (o), as a function of
inflow direction for the G (black) and GFC (red) configurations.

Also, the variation of the hub velocity Uj that would inevitably result from a varia
tion of the inflow direction wasn’t measured. The same reference velocity, obtained from
Fig. 7.9, was therefore used for the normalization of the power measurements.

By taking into consideration all the aforementioned explanations, it could be inter
preted that the wind turbines perform better with the GFC ABL configuration than the G
ABL configuration except for the top wind turbine between 30° to 45°. The GFC ABL con
figuration has a slightly higher velocity compared with the G ABL configuration at both
hub locations, which is likely not sufficient to explain the comparatively larger power
increase. The much more substantial increase of the turbulence intensity may thus play
a role in this power increase. However, we lack sufficient information regarding the in
coming velocity and turbulence intensity just upstream of the building to draw definitive
conclusions.

When the two wind turbines are compared, it is observed that the in-duct wind tur
bine has a higher power coefficient than the top wind turbine. If the top wind turbine is
not placed in the recirculation zone, one possible explanation is that the venturi effect
increases the velocity thus resulting in a higher velocity than the top wind turbine.

7.4. AcousTic MEASUREMENTS

The acoustic measurements are performed with three configurations; no flow and no
wind turbine, flow and no wind turbine, and flow and wind turbine with two ABL profiles

and six wind directions. As a first step, the background noise of the facility is measured
by the nine microphones is shown in Fig. 7.11. This noise is the electrical noise, with
tones at 50 Hz frequency and higher harmonics.

Inflow direction [°]
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Figure 7.11: PSD of all microphones in no flowconfiguration as a function of frequency.

Before investigating the noise characteristics of a wind turbine, the remaining sys
tem characteristics were analysed by removing the wind turbine. Figure 7.12 shows the
PSD of each azimuthal microphones at three axial positions with the G and the GFC ABL
configurations at 0° wind direction. The microphones at the azimuthal locations #2 and
#3 show the same spectral shape, different from the results obtained at the azimuthal
location #1. It should be reminded that the microphones haven’t been calibrated in am
plitude. When comparing the different ABE profiles with the same microphone, it is
observed that the amplitude of the PSD is higher with the GFC ABL configuration than
the G ABL configuration. This can be related to the higher turbulence intensities.

With the wind turbines in place, the measured Blade Passing Frequency (BPF) for
both ABL configurations with six inflow directions have been obtained from the spectra
(see Fig. 7.13 for the 00 deg wind direction), and have been gathered in Table 7.1. When
the inflow direction increases, the mass flow passing through the duct decreases, which
results in a lower BPF except for the GFC ABE configuration at 15° wind direction. In
addition, it is observed that the BPF difference between 0° and 15° wind direction are
the lowest compared to the other configurations. This effect might be due to the guiding
effect of the duct. For the two ABL configurations, it is observed that a higher BPF is
obtained from the GFC ABL configuration. Figure 7.13(a) shows the position of the BPF
for the G ABE configuration, where half harmonics are also observed which may due to
unequal spacing or the alignment of the wind turbine.

Table 7.1: Blade passing frequency values at all configurations

0° 15° 30° 45° 60 75°

G 433.57Hz 428.57Hz 394.56Hz 345.85Hz 301.43Hz 241.74Hz

GFC 528.19Hz 533.56Hz 473.88Hz 430.30Hz 370.36Hz 305.35Hz

Figure 7.13 shows the PSD of each azimuthal microphones at three axial position
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(C) Further downstream microphone configuration.
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(a) Upstream microphone configuration.
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Figure 7.12: PSD of the microphones without wind turbine at 00 inflow direction with two incoming flow; G
(solid line) and GFC (dashed line), Microphones; # 1 (black), 2 (red) and 3 (green).
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with and without wind turbine which were performed at Q0 wind direction with the G
ABL configuration. It can be seen that for the low frequency part the amplitude of the
PSD is higher without the wind turbines than with them. This could be explained by a
lower velocity due to the wind turbine blockage within the duct. Furthermore, it is also
observed that the BPF and its harmonics are more pronounced upstream of the wind
turbine. The same figures are given for the GFC ABL configuration in Appendix C.3.

In order to compare the effects of the two ABL configurations, the results for micro
phone # 3 is selected at 0° wind direction and are shown in Fig. 7.14. A broadening of
the BPF tones is observed with the GFC ABL configuration due to an increase in the tur
bulence intensity. The amplitude difference is not significant for the upstream location
for frequencies below the first BPF where the harmonics are still present. For higher
frequencies, the broadband noise shows that the amplitude is higher for the GFC ABL
configuration, which might be due to higher velocity as well as higher turbulence inten
sity. The downstream and further downstream positions show a significant amplitude
augmentation for the lower frequencies, and they show another peak trend which is dif
ferent from the upstream locations. Those peaks are not aligned with BPF and change
with the ABL configuration.

The effects of changing the wind direction are given in Fig. 7.15 for microphones #3 in
the GFC ABL configuration. In order to observe the trend with respect to the wind direc
tion change, three values are selected; 00 (black), 30° (red) and 60° (green). It has been
observed that the BPF decreases with increasing wind direction. The half harmonics of
the BPF which were observed are now found to be less pronounced with the wind di
rection above 30°. However, the BPF amplitude and the PSD amplitude itself, increased
with a higher inflow direction, especially for the broadband noise for the upstream mi
crophone which could be due to the increase in the T.I. For the downstream and further
downstream positions, again a similar behavior is observed: an increase in the ampli
tude before the BPF and after the BPF, the amplitude of the spectrum almost remains
the same for different inflow directions, This might be associated with the stall self-
noise where the large coherent eddies emit the noise at a lower frequency. In addition,
the tonal peaks are those which are observed in the previous figure and show that those
peaks are independent on the flow conditions and the duct characteristics, which might
be due to the electrical or mechanical noise.

7.5. CONCLUSIONS
In this section, a preliminary experimental study has been performed to investigate the
effect of the inflow quality on the power produced and noise emitted by a Building Inte
grated Wind Turbine (BIWT). The building model is selected from a previous study 11411
which is a 1/200 scaled down model of Brussels Finance Tower, and a straight duct
model, where the wind turbine is placed inside the duct. In addition, to investigate the
benefits of the BIWT installation locations, another wind turbine is placed on the top of
the building.

As the focus of the current research is to investigate the effects of the quality and
direction of the flow on wind turbine performance and acoustic emission rather than to
quantify the ABL type, two different neutral Atmospheric Boundary Layer (ABL) profiles
are regenerated from a previous study [421. These inlet profiles in the VKI Li-B wind
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tunnel are the only with Grid (G) and with Grid+Fence+Cups (GFC) configurations. Both
profiles provide a similar velocity profile which changes by around 0.4m/s, while the
turbulence intensity (T.I.) increases significantly with the GFC configuration; around 7%
for the in-duct wind turbine compared to 3% for the top wind turbine. To vary the inflow
direction, six wind directions from 0° to 75° are performed by rotating a turntable which
the building model is placed on.

The power coefficient, which is non-dimensionalized by the swept area of the wind
turbine and the velocity at the hub, is higher when the T.I. is increased except for the top
wind turbine between 30° and 45° inflow direction. It is also observed that the top wind
turbine seems more insensitive to the T.I. than the in-duct wind turbine. Overall, when
the two wind turbines are compared, the in-duct wind turbine produces more power
than the top wind turbine.

The acoustic measurements are performed by nine microphones placed in three ax
ial positions; upstream, downstream, and further downstream and three microphones
in each axial location. The measurements are performed with and without the wind
turbine, where it is observed that the amplitude of the spectrum decreases when the
wind turbine is present due to the blockage effect. It is also observed that the turbulence
interaction noise is more dominant on the upstream location than the other locations
since the Blade Passing Frequencies (BPF) and its harmonics are only observed in the
upstream position, while the peaks are attenuated while moving downstream; only the
BPFs which have more energy content remain. The comparison of the incoming flow
is investigated by one azimuthal location along the three axial positions as a function
of frequency divided by BPF. It is observed that the peaks obtained from the GFC ABL
configuration are wider and their peak points are more rounded than the G ABL config
uration. Moreover, the small peaks observed from the G ABL configuration, which might
be due to misalignment of the wind turbine or unequal blades, are suppressed by the
noise which results in smoother peaks. When different axial locations are investigated,
similarly, the BPF and its harmonics are more present in the upstream microphone posi
tion than the downstream ones. Moreover, the amplitude difference and the width of the
peaks are wider for the downstream locations. As a last step, the inflow direction varia
tion was investigated by considering only three angles 0°, 30° and 60° wind directions
for one azimuthal location along three axial positions. As expected, increasing the wind
direction reduced the velocity, and thus the BPF and its harmonics shift to left. More
over, two different behaviors are observed depending on the axial location. With respect
to the upstream microphone, the low frequency range seems less effected by the wind di
rection, however, a broadband noise increase is observed for the higher frequencies. On
the contrary, the downstream microphones seem more sensitive to the inflow direction
for the low frequency range than the higher frequencies.

In future work, the ABL profile could be obtained when the building is present with
different wind directions. to investigate the blockage effect of the model and properly
obtain the inlet velocity. Furthermore, to better understand the flow field around and
inside the duct, a Particle Image Velocimetry (PIV) measurement could be performed.
This would give more information about the separation due to the sharp edge of the duct
and the building, as well as the vortices formed due to tip leakage. Lastly, a microphone
calibration would help to more quantify and characterize the noise emitted by the wind
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turbine and the in-duct model decomposition technique could be applied to investigate
the propagation of the acoustic waves inside the duct.
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Figure 7.13: PSD comparison with and without wind turbine at 00 wind direction for the G ABL configuration;
with wind turbine (solid line) and without wind turbine (dashed line), Microphones; # 1 (black), 2 (red) and 3
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CONCLUSIONS

This chapter focuses on the summary of the thesis with its main results followed by the
future work and further improvements.

8.1. SUMMARY AND MAIN RESULTS
In this study, the noise emitted by a ducted wind turbine is investigated both numer
ically and experimentally. The numerical part, which is denoted as Part I, focuses on
the accuracy, validation and development of low cost methods to predict the far-field
trailing edge noise. To achieve this, Amiet’s theory, which relates the statistical descrip
tion of the pressure field beneath the incoming turbulent boundary layer to the acoustic
field, is applied. The state-of-art wall-pressure models are tuned based on RANS simu
lations and their accuracy with respect to the different mesh resolutions is investigated
for an isolated airfoil. Further analyses are performed on a full scale of a commercial
ducted wind turbine by neglecting the scattering due to the diffuser. As a final step, to
reduce the computational time, a 2D approach based on the strip theory is applied. The
acceleration due to the diffuser and nacelle is imposed as an inlet condition which is
obtained from a 2D axisymmetric simulation without blade. In the experimental part,
two different aspects are investigated. First, the development of a remote microphone
measurement technique which can be placed on the duct surface in order to acquire the
noise emitted by rotating machines is proposed. Second, the effect of the aerodynamic
roughness on the noise emission is evaluated for a building-integrated wind turbine.
Furthermore, the suitable siting position of a wind turbine is investigated by comparing
the power efficiency of a wind turbine within a duct and on the top of the building.

The far-field trailing edge noise is predicted by Amiet’s theory for NACAOO12 and
DU96-W-180 airfoils at 00 and 4° angle of attacks, respectively, in Chapter 4. 2D HANS
simulations are performed by the k —12 SST turbulence model and the turbulent bound
ary layer profiles are extracted at x/c = 0.99 from the leading edge. The wall-pressure
spectrum is computed by semi-empirical models which are Goody (assuming ZPG),
Rozenberg, Kamruzzaman, Catlett, Ru & Herr and Lee (assuming APG) and an integral

129
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method (Panton & Linebarger). The grid sensitivity analysis is performed for both air
foils with different grid resolutions characterized by the non-dimensional wall-normal
units, Overall, the pressure coefficient for both airfoils shows mesh independent
results whereas the turbulent boundary layer profiles in terms of the wall-normal ve
locity (only for the DU96-W-180 airfoil), the kinetic energy and the specific dissipation
for both airfoils exhibit some sensitivity with respect to the mesh resolution. The wall-
pressure spectrum obtained by the semi-empirical models are insensitive to the mesh
resolution, while the spectrum obtained by the Panton & Linebarger model performs
mesh independence for y <5 for the NACAOO12 airfoil. When the wall-pressure spec
trum is compared with the NACAOO12 airfoil experimental data, it is concluded that the
Goody model is not accurate for the APG flow. Even though, the Cattlett and Hu & Herr
models are developed forAPG flows, a poor prediction is observed, which can be related
to the scaling of the flat-plate experimental data. For the DU96-W-180 airfoil, it is con
cluded that the suction side, which contributes to the low frequency of the spectrum, is
more mesh-dependent than the pressure side which dominates the higher frequencies.
A mesh independent solution for these airfoils and the flow solver is obtained for y <15
for kc> 10. Moreover, the Kamruzzaman and the Panton & Linebarger models are found
to be generally applicable. When the probe location is varied along the trailing edge, it is
concluded that the far-field noise predictions by the semi-empirical models are sensitive
to the probe location for kc < 10.

As a next step, a full scale of a commercial ducted wind turbine is simulated by 3D
incompressible HANS with the k — 2 SST turbulence model in Chapter 5. The Corio
lis and centrifugal effects are considered by applying a MRF methodology. The far-field
trailing edge noise is predicted by applying the Schlinker and Amiet theory. Pm alter
native approach based on a 2D strip theory is proposed to reduce the computational
time required for the 3D HANS simulation. In this method, the blade is divided into
strips and 2D RANS simulations are performed for each strip location to obtain the tur
bulent boundary layer near the trailing edge. A further improvement of this method is
introduced by taking into account the acceleration due to the diffuser and nacelle. This
is achieved by extracting the axial velocity profiles from a 2D axisymmetric simulation
without blade and imposing these profiles as the inlet conditions to the 2D strip simula
tions. Even though the comparison between the 3D simulation and 2D simulations ob
tained by the improved inlet conditions demonstrates a close match with respect to the
axial velocity extracted upstream of the blades, the azimuthal velocity and the pressure
coefficient exhibit a poor match. The same observation was made regarding the turbu
lent boundary layer profiles extracted at x/c = 0.99. In general, the wall-pressure spec
trum obtained by the Panton & Linebarger model from the 3D simulation show lower
levels than other models both for the 2D and 3D simulations. This might be due to the
fact that the kinetic energy is under-predicted. The far-field noise prediction obtained
by the Kamruzzamari model imposing the inlet velocity at z/c —5.0 agrees well with
the 3D simulation at higher frequencies. In terms of the computation cost, the 2D sim
ulations with the acceleration correction is about two orders of magnitude faster than
corresponding 3D simulations.

The development of a measurement device based on a remote microphone is intro
duced in Chapter 6.2. The main purpose of this fairing is to enable the acquisition of
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the noise emitted by rotating machines where the duct surface cannot be altered. The
device is designed using a streamlined profile, where the microphone is connected to
the surrounding with a pipe-cavity system. An analytical model is used to design the
pipe-cavity system. However, the model deviates significantly compared to the response
function of the signal. The aim of the streamlined design is not to disturb the flow and to
make use of local acceleration which would reduce the turbulence level on the pressure
tap and that would increase the noise to signal ratio. However, it is found that near-wall
turbulence significantly increases when the incoming turbulence level is high. Contrary
to this, a practical application where noise emitted by a contra-rotating fan is measured,
the fairing and a free-field microphone reveals a good match.

In Chapter 7, a preliminary experimental study is conducted to investigate the effect
of inflow conditions, in terms of wind speed and direction, on the power production and
the noise emission of a BIWT through a duct. Two different neutral ABL profiles, cor
responding to different aerodynamic roughness lengths and turbulence intensities, are
imposed as inlet profiles. Furthermore, another wind turbine is placed on the top of the
building to assess the best siting within the building by comparing the power efficiency.
Although the two ABL configurations provide a similar velocity profile, the turbulence
intensity obtained by the GFC configuration is 7% and 3% higher than the G configura
tion for the in-duct and top wind turbine, respectively. It is concluded that the power
produced by the in-duct wind turbine is higher than the top wind turbine while the top
wind turbine appears to be less sensitive to the inflow direction than the in-duct wind
turbine. From the noise measurements obtained within the duct demonstrate that the
turbulence interaction noise is more dominant upstream of the wind turbine than down
stream. Furthermore, broad peaks are observed when the turbulence level is higher and
with higher magnitudes.

8.2. FUTURE RESEARCH AND POSSIBLE FURTHER IMPROVE

MENTS

Reminding that the grid sensitivity study is investigated using only one eddy-viscosity
model, k — 2 SST, further analysis with different turbulence models and numerical
schemes would be recommended.

As the Corcos model is not physically consistent in the low-frequency regime, more
accurate models such as Efimstsov and Smolyakov could be used to calculate the far-
field spectrum.

When performing the 2D strip theory, only the axial acceleration is taken into ac
count by applying a correction from a 2D axisymmetric simulation. However, the com
parison with the 3D simulation exhibits a significant different when the azimuthal axial
proffles are compared. Therefore, an analysis could be also performed by changing the
rotational speed to take the three-dimensional effects into account.

In literature, there are several correction for BEM to take into account the three
dimensional effects. So that the inlet conditions acquired with a BEM method can be
imposed to the 2D strip theory simulations to parametrize the 3D effects for a 2D simu
lation.

Further verification experiments can also be performed to test the consistency be-
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tween the reproduced inflow conditions at the Li wind tunnel with and without a build
ing.

In this study, two wind turbines with the same blade design are used. However, the
blades of the ducted wind turbine is cut in order to sit inside the building. Therefore,
another possible future study can focus on the performance comparison of identical
wind turbines.
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BOUNDARY LAYER PROFILES FROM

B.1. MESH SENSITIVITY

3D SIMULATION

The wail-normal and spanwise velocity profiles extracted at x/c 0.99 from the leading
edge with respect to the different mesh resolution are given as:

(b) Strip 2.

Figure B.1: The wall-normal velocity profiles at x/c =0.99 from the leading edge at each strip location with
different mesh resolutions; Yve 2.5 () Yave 2 ( — ), Yave 1.6 ( —

0.

0.1

0

0.05

0 0.02 0.04 0.06 0.08 0.1

V/UReI 1]
(a) Strip 1.

V/Uei [] V/UReI [1

(C) Strip 3.
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0.05 0.1 0.01 0.01

\N/UReI [j W/U [-] N/Uei []

(a) Strip 1. (b) Strip 2. (C) Strip 3.

Figure B.2: The spanwise velocity profiles at x/c 0.99 from the leading edge at each strip location with differ
ent mesh resolutions; Yave 2.5 (), Yave 2 ( — ), Yave 1.6 ( —

B.2. BOUNDARY LAYER COMPARISON BETWEEN 2D AND 3D

SIMULATIONS
The comparison of the kinetic energy proffle and the specific dissipation rate extracted
at x/c = 0.99 from the leading edge with 2D and 3D simulations is given in Fig. B.3 and
Fig. B.4.

B.3. GLOBAL BOUNDARY LAYER VARIABLES
The global boundary layer variables obtained from 2D and 3D simulations are given in
the following table.
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(a) Strip 1.
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(C) Strip 5.

Figure B.3: The turbulent kinetic energy profiles extracted at x/c = 0.99 with respect to each strip location;
C— — -) U21_05 (— —) Uj0667 C ) and 3D simulation ()
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(c) Strip 5.

Figure B.4: The specific dissipation profiles extracted at x/c = 0.99 with respect to each strip location;

(—), U4_5O (— — -) (— — ) ( ) and 3D simulation (°).
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(a) Strip 1. (b) Strip 3.
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II

Table B.1: Global variables at x/c = 0.99 for Uq066.

Simulation Side Strip number ö/c (Jp/Uei Lty/Up1 6*/c 8/c U 13

Stripi - - - - - - -

Strip2 - - - - - - -

Suction Strip 3 - - - - - - -

Strip4 0.043 1.020 0.001 0.016 0.007 0.9827 0.8155

Strip5 0.042 1.001 0.001 0.015 0.007 1.2324 1.2792
UZ/(=O.6S7

Strip 1 0.010 1.737 0.019 0.002 0.001 0.2606 -0.2758

Strip2 0.009 1.461 0.008 0.002 0.001 - -0.6291

Pressure Strip3 0.014 1.075 0.004 0.003 0.002 0.0675 -0.463

Strip 4 0.016 1.002 0.002 0.003 0.002 0.1927 -0.3501

Strip5 0.015 0.985 0.002 0.003 0.002 0.2203 -0.3208





BUILDING INTEGRATED WIND

TURBINE

The details about the Building Integrated Wind Turbine (BIWT) model is given. The
model consists of three main modules; building, duct and wind turbine modules.

C.1. BUILDING INTEGRATED WIND TURBINE MODEL

C.1.1. BUILDING MODULE
The building model which is a 1/200 scale model of Brussels Finance Tower. The façade
plate and interior of the module is shown.

Figure C. 1: Building part with and without façade plate and movable duct part.

C.1.2. DUCT MODULE
The duct module is used to adjust the height of the system and dismantle the wind tur
bine.

141
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Figure C.2: Dismantling mechanism of duct module from building module.

C.1.3. WIND TURBINE MODULE

The duct module is used to adjust the height of the system and dismantle the wind tur
bine.

Figure C.3: Dismantling mechanism of duct module from building module.

C.2. POWER MEASUREMENTS

The electrical board shown in Fig. C.4 is used to perform the power measurements.

Applied Load

Figure C.4: The control board for wind farm (left), control board module (middle) and electrical resistance
(right) [141].
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C.3. ACOUSTIC MEASUREMENTS
The comparison of PSD with and without wind turbine at 0° a.o.a with GPC ABL config
uratlonis given InFlg.C.5.

The effect ofa.o.als given In Fig. C.6 with GABL configuration comparing the micro
phones at #3 axIal position.



144 C. BUILDING INTEGRATED WIND TURBINE

5 -20

I:::
5 -20

a)
I

-40

U)

5-20

I
-40

ci)
0

Figure C.5: Comparison of the PSD with and without wind turbine at 00 inflow direction with GFC ABE config
uration; with wind turbine (solid line) and without wind turbine (dashed line), Microphones; number 1 (black),
2 (ted) and 3 (green).
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(a) Upstream microphone configuration.
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(b) Downstream microphone configuration.
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(c) Further downstream microphone configuration.
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Figure C.6: PSD comparison of microphones # 3 with and without wind turbine with G ABL configuration at
different inflow directions; with wind turbine (solid line) and without wind turbine (dashed line), 0° (black),
30° (Led) and 60° (green).
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