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Abstract: The purpose of this work is to model wind turbine noise sources and
propagation in the atmosphere in order to better understand the characteristics of
wind turbine noise at long range and to help wind turbine manufacturers and wind
farm developers meet the noise regulations. By coupling physically-based aeroa-
coustic source and propagation models, we are able to predict wind turbine noise
spectra, directivity and amplitude modulation in various atmospheric conditions.

Broadband noise generated aerodynamically, namely turbulent inflow noise,
trailing edge noise and separation/stall noise, is generally dominant for a modern
wind turbine. Amiet’s analytical model is chosen to predict turbulent inflow noise
and trailing edge noise, considering several improvements to the original theory: 1,
an empirical leading edge thickness correction is introduced in the turbulent inflow
noise calculation; 2, a wall pressure fluctuation spectrum model proposed recently
for adverse pressure gradient flow is used in the trailing edge noise predictions.
The two models are validated against several wind tunnel experiments from the
literature using fixed airfoils.

Amiet’s model is then applied on a full-size wind turbine to predict the noise
emission level in the near field. Doppler effect and blade rotation are taken into
account. Cases with constant wind profiles and no turbulence are used first, then
wind shear and atmospheric turbulence effects obtained from Monin-Obukhov sim-
ilarity theory are included. Good agreements against field measurements are found
when both turbulent inflow noise and trailing edge noise are considered. Classical
features of wind turbine noise, such as directivity and amplitude modulation, are
recovered by the calculations. Comparisons with a semi-empirical model show that
separation noise might be significant in some circumstances.

Next, Amiet’s theory is coupled with propagation models to estimate noise
immission level in the far-field. An analytical model for the propagation over an
impedance ground in homogeneous conditions is studied first. The ground effect
is shown to modify the shape of the noise spectra, and to enhance the amplitude
modulation in some third octave bands. A method to couple the source model
to a parabolic equation code is also proposed and validated to take into account
atmospheric refraction effects. Depending on the propagation direction, noise levels
vary because the ground effect is influenced by wind shear and a shadow zone is
present upwind. Finally, the point source assumption is reviewed considering both
the analytical and numerical propagation models.
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Résumé: L’objectif de ce travail est de modéliser les sources et la propagation
atmosphérique du bruit généré par les éoliennes afin de mieux comprendre les
caractéristiques de ce bruit & grande distance et d’aider les fabricants d’éoliennes
et les développeurs de parc a respecter la réglementation. En couplant des modéles
physiques de source aéroacoustique et de propagation, nous sommes capables de
prédire les spectres de bruit, ainsi que la directivité et les modulations d’amplitude
associées, pour différentes conditions atmosphériques.

Le bruit aérodynamique large bande, & savoir le bruit d’impact de turbulence,
le bruit de bord de fuite et le bruit de décrochage, est généralement dominant
pour les éoliennes modernes. Le modéle analytique d’Amiet est choisi pour
prédire le bruit d’impact de turbulence et le bruit de bord de fuite, en consid-
érant plusieurs améliorations par rapport a la théorie initial : 1, une correction
empirique pour ’épaisseur du bord d’attaque est introduite dans le calcul du
bruit d’impact de turbulence ; 2, un modéle spectral des fluctuations de pression
pariétale proposé récemment pour un écoulement avec gradient de pression défa-
vorable est utilisé dans le calcul du bruit de bord de fuite. Ces modéles sont validés
par comparaison avec des mesures de la littérature en soufflerie avec des profils fixes.

Le modeéle d’Amiet est ensuite appliqué a une éolienne compléte pour prédire le
bruit émis en champ proche. L’effet de la rotation des pales et I’effet Doppler sont
pris en compte. On utilise d’abord des profils de vent constant sans turbulence,
puis l'effet du cisaillement du vent et de la turbulence atmosphérique sont inclus
a 'aide de la théorie de la similitude de Monin-Obukhov. De bons accords sont
obtenus avec des mesures sur site éolien lorsque l'on considére a la fois les bruits
de bord de fuite et d’impact de turbulence. On retrouve a l’aide du modéle
les caractéristiques classiques du bruit des éoliennes, comme la directivité et
les modulations d’amplitude. Des comparaisons avec un modéle semi-empirique
montrent que le bruit de décrochage peut étre significatif dans certains conditions.

L’étape suivante consiste a coupler la théorie d’Amiet avec des modeéles de prop-
agation pour estimer le bruit & un récepteur en champ lointain. On étudie dans
un premier temps un modéle analytique de propagation en conditions homogénes
au-dessus d'un sol d'impédance finie. On montre que l'effet de sol modifie la forme
des spectres de bruit, et augmente les modulations d’amplitude dans certains tiers
d’octave. Dans un second temps, une méthode pour coupler le modéle de source a
un code d’équation parabolique est proposée et validée pour prendre en compte les
effets de réfraction atmosphérique. En fonction de la direction de propagation, les
niveaux de bruit varient car 'effet de sol est influencé par les gradients de vent et
car une zone d’ombre est présente dans la direction opposée au vent. On discute
pour finir l'approximation de source ponctuelle & ’aide des modeéles de propagation
analytique et numérique.
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1.1 Wind turbine noise in general

1.1.1 Wind energy and wind farm development

Wind energy can be extracted from airflow by a wind turbine, and then converted
into electrical power with satisfying efficiency. The number of wind farms, given the
fact that it is a clean and renewable energy, grows very fast in many countries, in
order to reduce the reliance on traditional energy sources. The size of wind turbine
also grows, from less than 1 MW capacity in 1985, to 7.5 MW nowadays. At the
end of 2014, the accumulated total installed wind power capacity was 128.8 GW
in the EU, with approximately 120 GW onshore [20]. And the European Wind
Energy Association estimates that by end of 2020, the total installed capacity will
increases by 64% to 192.5 GW in Europe |21]. France has a total installed capacity
of over 9285 MW at the end of 2014, and wind energy accounts for 3.4% of the
total electricity production [22].
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1.1.2 'Wind turbine noise regulations

The noise generated by a wind turbine or a wind farm has been complained fre-
quently by the people living in the neighborhood. There are regulations regarding
the emission levels, corresponding to the sound power level (SWL) radiated by the
wind turbine, and the immission levels, corresponding to the sound pressure level
(SPL) at a neighbors’ houses. There is an international standard for emission level
measurements called IEC 61400-11, that uses a microphone on a rigid platform.
On the other hands, there is no international standard for immission level mea-
surements. In France, the noise limitation depends on the background noise level.
The wind farm is not allowed to increase the ambient noise more than 5dB at day-
time, and 3dB at night, measured by L 4eq, the equivalent sound level |23, 24|. In
some other countries, absolute limits or combination of absolute and relative lim-
its are applied [25]. For example, in Denmark, the limits are typically 42 dBA at
6 m/s reference wind speed, and 44 dBA at 8 m/s reference wind speed; in UK,
the sound pressure level from a wind farm cannot exceed 43 dBA or 5 dBA above
the background noise level at night. These regulations imply that an accurate noise
prediction model as well as a correct background noise measurement are essential
for the approval of new wind farm projects, especially near populated areas.

1.1.3 Wind turbine noise mechanisms

Wind turbines generate mainly two types of noise: aerodynamic noise and me-
chanical noise. The later comes from the turbine’s internal gears rotating against
each other [26], and it is more noticeable for small size wind turbines. Advanced
techniques help to confine the mechanical noise inside the nacelle or tower [5, 26],
thus for a modern large scale wind turbines, the noise is mostly generated due to
aerodynamic interaction between the airflow and the turbine blades.

Aerodynamics noise can be categorized into two types: airfoil self noise, and
turbulent inflow noise |1, 7, 3|. Self noise is caused by interaction of the turbulence
produced in the airfoil boundary layer and wake with the airfoil itself, while
turbulent inflow noise is caused by the atmospheric turbulence encountering the
airfoil leading edge. Airfoil self noise consists of several mechanisms: trailing edge
noise, separation noise, trailing edge bluntness noise and tip vortex noise, as seen
in Figure 1.1. Trailing edge noise is due to the turbulence inside the boundary
layer that is scattered at the trailing edge. Separation noise is generated when the
angle of attack is large, and the flow separates near trailing edge of the suction
side. The separation region then moves upstream while there are vortex appearing
and growing, and then finally shedding off. If the stall angle is reached, the flow
separation is violent and deep stall noise is generated [1]. A blunt trailing edge
causes vortex shedding, which causes a narrowband radiation called trailing edge
bluntness noise. Tip vortex noise has a similar mechanism, it is caused by the
vortex shedding near the tip of a blade. For a modern megawatt-sized wind turbine,
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total noise is usually dominated by trailing edge noise [3]. Oerlemans et al. [2]
have shown using microphone array measurements that for an observer close to the
turbine on the ground, most of the noise is produced by the outer part of the blades
during the downward part of the revolution, as seen in Figure 1.2. Turbulent in-
flow noise might become dominant depending on atmospheric turbulence conditions.

Turbulent
boundary layer Trailing edge Wake
“‘—7&"—‘
-

Turbulent-boundary-layer—trailing-edge
noise

N Boundary-layer
separation "—"""‘7“_
- Vortex shedding
Trailing-edge-bluntness—vortex-shedding

noise

‘ Large-scale separation

(deep stall)
/_/J/—”@M Airtoil blace tip

= |
—=Son= —

Separation-stall noise

Tip vortex formation noise

Figure 1.1: Airfoil self noise: trailing edge noise, separation noise, trailing edge
bluntness noise, tip vortex noise [1].

Figure 1.2: Noise source distribution in the rotor plane of a modern large wind tur-
bine, measured about one rotor diameter upwind from the turbine. Taken from |2].
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1.1.4 Spectrum, directivity and amplitude modulation

Wind turbine noise spectrum is broadband, as can be seen in the measurements
shown in Figure 1.3 for a 2.3MW wind turbine. When plotted in dBA, the
peak of the spectrum is around 500 Hz. Moller and Pedersen have estimated the
sound power level spectrum emitted by larger wind turbines based on a large
set of measurements [4|. Figure 1.4 shows that the spectrum level increases with
increasing wind turbine size, especially at low frequency. Wind turbine noise is also
directional, see Figure 1.5. The directivity feature of a wind turbine is caused by
the dipole nature of the wind turbine noise source. Measurements and predictions
show that the sound pressure level (SPL) of wind turbine noise is stronger in the
wind direction than in the crosswind wind direction.

The most annoying feature of wind turbine noise is believed to be the amplitude
modulation (AM) [3, 6]. It is a phenomenon related to the blade rotation, and
caused by the Doppler effect and the fact that the relative source and observer
locations are varying during the rotation. Predictions of this AM show that in the
crosswind direction, the AM strength reaches maximum, up to few dBs; while the
minimum is reached in the wind direction [27]. This phenomenon becomes weaker
if the observer is further from the wind turbine. However, in a recent report by
Renewable UK [6], there are measurements showing that even at long distance,
strong AM can be recorded in the downwind direction. In the same report, they
define the former amplitude modulation as 'mormal amplitude modulation’, the
later as ’enhanced amplitude modulation’, and suggest that there might be two
different mechanisms that cause these two different types of amplitude modulation.
A measured time history of sound pressure level seen in Figure 1.6 shows the
phenomenon of enhanced amplitude modulation for an upwind receiver. For
normal amplitude modulation, the mechanism is directivity and Doppler effect; for
enhanced amplitude modulation, there are many assumptions raised by different
researchers. A common point of view is that it is caused by the strong wind shear
and the change of AoA at leading edge of the blades during rotation. However,
up to date, there is no complete and convincing theory to explain this type of
amplitude modulation.

1.1.5 Low frequency component, infrasound, annoyance of wind
turbine noise and health effects

Wind turbine noise contains low frequency and infrasound components, as already
seen in Figure 1.4. There are often arguments about the fact low frequency noise
and infrasound may cause health effect in terms of 'wind turbine syndrome’.
Moller and Pedersen [4] compared the indoor SPL and the hearing threshold
at low frequencies, see Figure 1.7. We observe that low frequency components
of wind turbine noise can be heard down to 40Hz in some configurations. A
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Figure 1.3: Measured and predicted SPL for a 2.3 MW wind turbine at 240 m. Taken
Figure 1.4: Estimated A-weighted sound power level spectrum. Taken from [4].

from |[3].

Figure 1.5: Predicted wind turbine noise directivity. Wind is coming from left to

right. Taken from [5].
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Figure 1.6: Time history of A-weighted overall sound pressure level measured 50 m
upwind from a 93-m diameter wind turbine. Taken from [6].

listening test by Lee et al. [28] indicate that the equivalent sound level and the
amplitude modulation both significantly contribute to noise annoyance. Since
wind turbine noise is usually quantified with A-weighted values, this causes a
tendency of underestimating the low frequency components. Some research groups
have proposed other noise level indicators for assessment of this low frequency
noise |29, 30].

There are arguments about infrasound perception in the literature. A review
by Salt and Hullar [31] concludes that although infrasound cannot be perceived by
human ears, it does have an influence on the inner ear. However, many experimental
studies show that most people don’t perceive those infrasound and do not suffer from
any health defects [32, 33, 34].

1.1.6 Propagation effects

Wind turbines always operate in an environment where many factors play roles on
the noise generation and propagation, for example, atmospheric conditions (tur-
bulence, wind shear and direction, temperature, etc), terrain type, obstacles near
wind turbines such as houses, forests, see Figure 1.8. Acoustic refraction is an im-
portant atmospheric effect related to the variation of temperature and wind speed
with height. This effect varies with propagation directions with respect to the wind
direction. As can be seen in Figure 1.9, upwind propagating sound waves will be
refracted upwards, which creates a shadow zone close to the ground at a certain dis-
tance from the wind turbine. Meanwhile, downwind propagating sound waves will
be refracted downwards, and may lead to a reinforcement of noise immission. Some
studies have shown that wind turbine noise is often stronger at night [9]. This can
be attributed to the strong wind shear occurring in stable atmospheric conditions
that are typical at night. Figure 1.10 shows the increase of wind speed with height
is much larger in stable conditions than in unstable/neutral conditions. There is
also energy lost during the propagation due to the atmospheric absorption.

Ground will reflect sound wave, and sound reflection depends on the terrain
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Figure 1.7: Indoor A-weigthed SPL for 81 turbine/room combinations where the
outdoor SPL is 44 dBA. Dashed line is the hearing threshold according to ISO 389-

7. Taken from [4].

Z
Noise sources ropagation path Receivers
* Aerodynamic « Distance + Ambient noise
* Mechanical + Wind gradients + Indoorfoutdoor exposure
- Absorption + Building vibrations
- Terrain

Figure 1.8: Tllustration of wind turbine noise generation and propagation. Taken
from |7]
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shape, roughness, ground impedance [35]. A wind turbine is an extended acoustic
source, which has an influence on the ground effect. Heutschi et al. [10] compared
spectra from point source and extended source calculations, showing that the ground
effect cannot be accurately predicted using a point source assumption for a distance
smaller than 400 m, see Figure 1.11.

604

Downwind propagation
conditions

40

z(m)

20+ Upwind propagation
conditions

Receiver

Figure 1.9: Downward and upward refraction for downwind and upwind propagation
respectively. Taken from [8].
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Figure 1.10: Measured wind profiles in a stable atmosphere. Taken from [9].

An accurate noise immission prediction relies on a good propagation model, that
can take into account the atmospheric conditions and ground topography. To realize
that, proper input parameters for atmospheric turbulence, wind shear, temperature
variation etc from measurements or models are essential.

1.1.7 Noise mitigation

There are various ways of reducing wind turbine noise. For example, the airfoil
profile can be modified to optimize the power and noise relation: trailing edge
thickness design to reduce the bluntness noise; tip shape design to eliminate tip
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Figure 1.11: Measured and calculated (point source and extended source assump-
tion) relative SPL of wind turbine noise received at 300 m away. Taken from [10].

noise; add-ons to improve blade performance etc, e.g. see Figure 1.12. A field
measurement [36] shows that serrated blades yield an average trailing edge noise
reduction of 3.2dB, and the reduction level increases with increasing wind speed.
Modification of turbine blades and/or operational characteristics (e.g. pitch angle)
also showed success on reducing the amplitude modulation [37].

Figure 1.12: Schematic of using trailing edge add-ons (serration) to reduce trailing
edge noise. Taken from [11].
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1.2 Review of prediction methods for wind turbine noise
sources and propagation

1.2.1 Aeroacoustic source models

There exists 3 main types of aeroacoustic source models that can be applied to wind
turbine noise prediction: analytical models, semi-empirical models and numerical
models.

Analytical models can be categorized into 3 groups according to Howe [38]:

1. theories based on the Fflowes-Williams-Hawkings acoustic analogy, e.g.
Casper and Farassat’s time domain model [39];

2. theories based on the solution of special problems approximated by the lin-
earized hydrodynamics equations, e.g. Amiet’s analytical models [40, 41];

3. ad hoc models that involve postulated source distributions whose strengths
and multipole types are generally determined empirically.

A time domain formulation was proposed by Farassat |42, 43|, where several
expressions in integral forms are presented for the determination of the acoustic
field from a moving body. Body shape, time history of motion and surface pressure
distribution are required as input parameters. Later, Casper and Farassat [44]
published a new time domain formulation based on Ffowcs Williams-Hawkings
equation, so called ’Formulation 1B’. The model is readily to be used for rotating
frames, and has shown to provide excellent agreement with measurements [39]. It
has been applied to wind turbine noise by Lee et al. [27]. Amiet [40] proposed a
theoretical model for turbulent inflow noise. He assumed a homogeneous turbulent
inflow which can be expressed by sinusoidal wave components and modeled by a
von Kéarman spectrum. The sound source is assumed to have a dipole character,
and the force (surface pressure) exerted from the surface to the fluid is given by
a transfer function. Thus, once the transfer function and the incoming turbulence
properties are known, the sound generated by the surface pressure can be calcu-
lated. Amiet [41] later extended his work to trailing edge noise. A spectrum of
surface pressure fluctuation field is required as an input for the model. Moreau
and Roger [45] extended Amiet’s model to take into account the backscattering
effect due to the finite chord of the airfoil. Glegg et al. [46] attempted to apply
Amiet’s model to wind turbine noise, however the predictions are around 10 dB
lower than the measurements. A TNO model originally proposed by Parchen [47]
focus on trailing edge noise. It gives an alternative expression for wall pressure
spectrum, which can be modeled by any CFD code that includes a turbulence model.

Besides analytical models, Brooks et al. [1] proposed a semi-empirical model for
airfoil self-noise based on extensive measurements with NACA 0012 airfoils. Tt is
sometimes called BPM model, after the name initials of the 3 authors. The scaling
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is based on the analysis of Ffowcs Williams and Hall [48]. Later Fink [49] assumed
a universal spectrum shape that depends only on the ratio of Strouhal number St,
defined by St = f6/U, to its peak value Stpeqr, with f the acoustic frequency, §
the boundary layer thickness and U the free flow velocity. Brooks et al. proposed a
slightly corrected spectral scaling based on their measurements. The general form
of the scaled spectrum is given as [1]:

SPLy 3 = 10log <M55T2L> + S(St) + K, (1.1)

e

where M is the Mach number, 6* is the boundary layer displacement thickness, L is
the span of the airfoil, and r. is the retarded distance between source and observer.
S(St) is the universal spectrum shape that depends on Strouhal number St¢, and
K is an empirical constant that modifies the level of the spectrum. For different
noise mechanisms, the shape of S(St) and the value of K are different, but they
depend on boundary layer parameters 6" and momentum thickness 6*. Thus once
these values are known, either by measurements or by simulations, the spectrum of
sound pressure level in 1/3 octave band can be obtained.

The model is easy to implement, but the NACA 0012 airfoil used in their
experiments is a not representative of wind turbine blade cross section. Also its
validity for other airfoil profiles is questionable. However, Oerlemans et al. 3] and
Zhu et al. [5] have applied this model on a wind turbine separately and have found
good agreements with measurements, as seen in Figure 1.3.

There are also numerical methods based on CFD/CAA. Direct noise simulation
is a numerical method that solves the Navier-Stokes equation for the flow and
acoustic field without approximations. It is straightforward, but also time con-
suming and limited by the Reynolds number, see [50]. A hybrid method computes
the flow field and the acoustic field separately. Hardin and Pope[51| proposed
a LES model based computational aero-acoustics (CAA) method; it is further
developed at DTU by Shen et al. [52, 53|. It is based on splitting the problem into
a viscous incompressible flow part and an inviscid acoustic part. The flow part is
solved by LES, and the acoustic part is then solved by solving a set of acoustic
perturbation equations using the input data from the flow field. However, it remains
difficult for the applications on a large size wind turbine with large Reynolds number.

1.2.2 Acoustic propagation models in the atmosphere

Analytical propagation models are limited to rather simple configurations, such as
a point source above an impedance ground in homogeneous conditions [35].

For an inhomogeneous atmosphere, there exist many numerical models, among
which we can cite ray-tracing methods, the parabolic equation (PE) method or Fi-
nite Difference Time Domain (FDTD) solution of linearized Euler equations(LEE).
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Ray-tracing models calculate all the sound paths between the source and the re-
ceiver, then sum all the contributions of all the sound rays. It is based on the
geometric approximation that is valid at high frequencies. Sound speed gradient
can be taken into account. This method has been applied on wind turbine noise
by Prospathopoulos and Voutsinas [54]. Another accurate numerical method is ob-
tained using a parabolic approximation of the Helmholtz equation [55]. It is not
limited to a layered atmosphere [35] and effects of atmospheric turbulence can be
taken into account [56]. The PE method is limited to relatively small propagation
angles around the source. Several authors have applied it to wind turbine noise
assuming the wind turbine is a point source [57, 58]. Sound propagation can also be
modeled by LEE in order to accurately account for atmospheric fluctuations. The
LEEs can be solved using high order FDTD schemes, as done by Cotté et al. [59] or
in EDF Code_ Safari [60]. The LEE method requires more intensive computations
compared to the PE method.

1.3 Objectives and outline

The promising future of the wind turbine industry and its noise concern encourage
us to develop a physically-based noise prediction model that accounts for long range
propagation in the atmosphere with satisfying accuracy and efficiency. After study-
ing the existing models, we choose Amiet’s analytical model with PE method for
this purpose. More specifically, we will:

e investigate the validity of Amiet’s model against measurements;
e apply the model to a full size rotating wind turbine;

e estimate the sound pressure level at near field and study the properties of
amplitude modulation and directivity, including wind shear and atmospheric
turbulence effects;

e couple the source model to the propagation model;

e examine the sound pressure level at far field and the effects of propagation in
the atmosphere.

The thesis is organized as follows. In Chapter 2, Amiet’s analytical models for
trailing edge noise and turbulent inflow noise are described in detail. Extensions and
improvements of the models are also shown. The model is then validated against
sound pressure level measurements with fixed airfoils. In Chapter 3, the original
model is adapted to a rotating blade, by considering the Doppler effect and coor-
dinate transformation. Monin-Obukhov similarity theory is used to predict wind
profiles and turbulence parameters in the atmospheric surface layer. The predic-
tions are first compared with measurements for a constant wind profile, then with
carefully chosen atmospheric conditions. In Chapter 4, a propagation model based
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on the parabolic equation method is coupled to the source model. Propagation ef-
fects on overall noise immision, as well as on the amplitude modulation in far field

are studied. Conclusions and perspectives are given in Chapter 5.
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In this chapter, we present and validate Amiet’s theory for a fixed airfoil. In
Section 2.1, Amiet’s model for trailing edge noise is derived. The difficult part
of the model is to estimate the wall pressure fluctuation spectrum. We use an
adverse pressure gradient model that yields good predictions against wind tunnel
measurements. The turbulent inflow noise model is presented in Section 2.2. We
take into account the effect of airfoil thickness on the noise radiation, and validate
the model against measurements.

2.1 Amiet’s theory for trailing edge noise

2.1.1 Derivation of Amiet’s model for trailing edge noise

Amiet’s model is based on linearized acoustic theory by assuming a small pertur-
bation on the acoustic field [41]. The turbulence convected by the mean flow is
assumed to be 'frozen’, that is to say the turbulence properties don’t change during
the convection. The surface is considered as a rigid, thin plate with no thickness.
The model development consists of mainly 3 steps:

1. calculation of surface pressure fluctuation induced by the turbulent perturba-
tion;
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2. deduction of far field pressure fluctuation using Fflowcs-Williams-Hawkings
acoustic analogy;

3. obtaining the statistic power spectral density of sound pressure level at far

field.

The model is later extended by Roger and Moreau |45, 61| by considering a second
order iteration at leading edge.

Induced surface pressure fluctuation

Noise is generated when incoming turbulence encounters a solid surface, more specif-
ically, the airfoil in this case. The problem is shown in figure2.1. The airfoil is
considered as a flat plate with zero angle of attack. It is placed in the z = 0
plane, the trailing edge is aligned with y axis, therefore the plate is located between
—2b < z < 0 in the chord-wise direction, b being the half-chord length, b = ¢/2.
The span L is considered as a large but finite number.

z

2n/Ky,

Figure 2.1: 3D geometry for trailing edge noise. We consider an oblique gust with
chord-wise wavenumber K, and span-wise wavenumber K.

We consider a general 3D gust case. The derivation starts from the convective
linear wave equation, in terms of pressure fluctuation p(x,t) = P(z,y, z)e™":

D?p
D~ @VP=0. (2.1)
where cp is the sound speed in air. The total derivative in x direction reads
D 0 LU th d order derivati b - .
Dt ot 5, 50 the second order derivative can be written as:
D? 5?2 o O 52
-2t VetV o 2.2
A TR Y T (2.2)

The equation (2.1) therefore becomes:
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O’p  0*p  9p d’p #p | 207
(aﬁ*af*aﬁ) <3t2 Dot Ua?)‘o’ (23)

which can be reorganized as:

0%p 82;0 0%p U 9%p 1 0%
2 _— = 22— _— =
552 T o T o 2Ramar oV (24)

with By = v/1 — M?2. The incident gust written in the Fourier domain is:

Pin = Pin ez’(u.;tfKC:z:nyy)7 (2.5)

where K. = w/U, is the turbulence convected wavenumber in the chord-wise di-
rection and K, is the span-wise turbulence wavenumber. The convective velocity
is U, = xU where x is a coefficient, usually less than 1. The pressure fluctuation
field p is imposed by p;, with wave like behaviors, that is, p will have a periodic
component with the same frequency w, and the same wave number in span-wise
direction K,. It is not the case for chord-wise direction wavenumber, because in
this direction, the field is also modified by the free stream U. Therefore the solution
we seek for p can be written in the form:

p(x,t) = P(x, 2)ete AT~y (2.6)

Substituting p into Equation (2.4), the convective wave equation becomes:

82P o*pP . U oP w? 2U
5(% 8 2 8 9.2 _2Z </8§A+ 62w> %—F <C2 - 53142 A(JJ K2> P = O (27)
0 0

U
The coefficient of the imaginary term should be zero, that is ,BSA + —Sw =0, thus
¢

0
we find the expression for A as:

kM
A=——, (2.8)
0

where k = w/c¢p is the acoustic wave number. The pressure fluctuation field that
we are trying to solve can be written as:

p(x,t) = P(x, z)ei“teikM/ﬁgxe_iKyy. (2.9)
Consequently, equation (2.7) is simplified as:
*P [ k? 9*P
2 2
K, | P+ — =0. 2.1
/80 o 2 (50 > + 822 =0 ( 0)

If we introduce non-dimensional variables:

M T
:L‘_B’

y
K.=bK., K,=>bK,, k=D0k,
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and also non-dimensional new parameters ji = K.M /8% and k? = i2 — I_(g/ﬁg to
make equation (2.10) more concise, we finally find a Helmholtz equation as:
9*pP N 0*P
0z = 0z2

To solve equation (2.11), we need to find appropriate boundary conditions. We

+&*P =0. (2.11)

first assume the plate is semi-infinite with a trailing edge aligned with y axis, and
the leading edge is at —oo. The plate is considered as rigid, meaning the velocity
gradient normal to the surface is zero, this gives:

or

=0, z<0. 2.12

Second, at trailing edge, Kutta condition requires the total pressure to be zero,
meaning, the induced pressure p must be canceled by the incident pressure p;,, so
we have p 4+ p;, = 0 for z =0 and z > 0. This gives:

p($7 y, 0, t) = —pm(l‘, y, 0, t) = —Lin - e_iche_iKyyeth

ik:]tl

= P(x,0)-¢ % e iKuweivt 5>, (2.13)

Thus we obtain for a unit gust (P, = 1):

kM .

%z >0. (2.14)

P(x,0) = —eFeve

Equation (2.11), together with boundary conditions(2.12) and (2.14) form a
Schwarzschild’s problem, whose solution can be expressed analytically. Depending
on the sign of %2, equation (2.11) has different properties thus different solutions:
1) if &2 > 0, the equation is hyperbolic, and the gust is called super-critical; 2) if
k2 < 0, the equation is elliptic, and the gust is called sub-critical; 3) if &2 = 0, the
gust is critical.

Roger and Moreau [45] give detailed solutions for super- and sub-critical cases for
p. For the super-critical case, the solution is obtained from Schwarzschild’s problem:

[—F e tR(E—2 ,Zf(c 1, M2
P([I?,O) — _/ i i‘ . g(XJrﬁ(z))d&
— 7 o (Ke/x+R+Mp)
/ 1/ dg. (2.15)

The integration is calculated as:

ir/4 p—BT _—it
[\ [ / d]
™ 0 Vit
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Figure 2.2: Hlustration of source being convected by the incident gusts.

with B = K./x + k + Mi. We recognize that:

E*(x):/o ot = Cifa) = S (2). (2.16)

where C1 and S are Fresnel integrals. Then we obtain pressure fluctuation as:

P(z,0) = e #Ke/x f (7). (2.17)

where f(z) = [(1 +i)E*(—Bz) — 1] is the complex amplitude of the source distri-
bution. Since in reality the plate is not semi-infinite, but with a finite chord length
¢ = 2b, the first boundary condition (Eq. (2.12)) is no longer fulfilled for = < —2b
(or T < —2). Therefore it is necessary to perform a 2nd iteration, correspond-
ing to the leading edge back-scattering. This 2nd iteration is important when the
chord is small compared to the acoustic wavelength, and can generally be neglected
for wind turbine noise, as shown in Figures 5 and 6 of [45]. More details on the
back-scattering correction are given in Appendix A.

Far-field noise calculations

Induced pressure field is now linked to the far field sound pressure level. We assume
the observer coordinate is (21, x2, x3), the source coordinate is (y1, y2, y3) at retarded
time, and at current time, the source coordinate is (¥}, y5, ¥5). The movement of the
source is caused by the convective effect of the free stream, as shown in figure2.2.
According to Fflowcs-Williams-Hawkings Analogy, the sound radiation at far field
due to a dipole source (a point force) for an unbounded medium can be expressed
as [40]:

OF
ot

R

dp' (7, t) = TreoR?
S

, (2.18)

where the term inside [ | is evaluated at retarded time. To obtain the acoustic
pressure at the receiver, we integrate equation (2.18) over the flat plate surface S,
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and transform it into the Fourier space:

1 R TG it
o L “ dtds
pEsnw) = o /S 4reg R2 /oo [ M 11 Reseo ’

wRs 1 < U(y,t) (t+Rt/co)
_ il DD T ) dtdS
/S dmeoR2 27 / dr

—0o0

iLUR3 PN _ R/
= l witt/co g 2.1
[ g )e el as (2.19)

where dS = dy; - dy2, and R; = \/z; — y;, © = 1,2,3. We must emphasize that the

plate is not considered semi-infinite anymore at this stage. Note also that i1 (¥, w) is
the Fourier transform of [(¢,t), the lift force due to the pressure jump on the plate
surface, and it is identical to the pressure fluctuation p mentioned in the previous
section:

dF = I(y1, yo, t)dSyé3 = p(y1,y2,t)dS,es, (2.20)

and F has only the €3 component. The derivation from retarded time t' to the

current time ¢ by assuming I(i,t) = lo(#)e™? is thus

. Ry
oy, ¥ Ol(g)e™" "= dt T i
e 7:'l_»ZWt CO:'l_'t <o,
[ T T iy o(y)e“"e wl(y,t)e
€0
(2.21)
R, is the position vector between the retarded source location and the observer,

and R, is a modified distance defined as:

R? =R} + B3(R3 + R3) = (z1 — y1)* + B3 (w2 — 12)* + (w3 — y3)%).  (2.22)

Since y] = y1 + U% with % the propagation time, we can express R, as:

R 2
(xl—yl—Uc;> @)+ (s —1)? = R (2.23)

We then solve this second order equation for R; and get:

=Mz — 1|+ /(21— 11)? + B3 [(x2 — y2)? + (w3 — y3)?]
- 5
= (Rs — MR1)/B¢. (2.24)

Ry

If we further assume that the observer is at far field, that is x1 > y1, T2 > yo, and
note y3 = 0 on the airfoil surface, we can approximate Ry as:

R = (21 —y1)* + B3 [(x2 — 12)* + (z3 — y3)?]

2 2.2 2
2 2,2, 2 yi — 21y + Byys — 2B572y2

= |x7 + x5+ 1+
[ 1 BO( 2 3)] |: 1’% /83(13% l‘%)

(2.25)

2
~ 52 [1 ~ 2(zy +/30962y2)} ’

S5
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with Sp = /2?2 + B2(2% + 22). Thus:

)
R, ~ S <1 2z +2ﬁ0$2?/2)>
S50

2
~ S, (1 Ty + 509523/2
So

N =

> (Taylor expansion). (2.26)

If we write P(y1,92) = f(g1)e Ko tKy2) | with K, = w/U = xK,, the radia-
tion integral becomes:

L 2b
S _ —WS / 7 e i Kegi+Kyy2)
P& w) = 471'0052

L/2b
—iky (s, 7“””1*50’”2”21; M(z1—b
P (=000l 4 i, (2.27)

To obtain this expression, we used Equation (2.26) for the phase, and Rs ~ Sy for
the amplitude. The integral concerning g2 is

L/2b ik (_BBeabyo _ _
b/ e~ Kyv2, B2 (=55 o2 dys = L sinc {L (Ky — kl’z) } ) (2.28)
—L/2b 20 S0

where sinc(z) = sin(x)/x and this leads to

. —iwlLaxgb . L
B(F,w) = ﬁ sinc [ (K, — k@/SO)]
i (So=Ma) / F(gn)e~mEemn@/So=0D] gz (2.99)

Power spectrum density of acoustic pressure at far field

The power spectral density of the far-field sound at frequency w is the results of all
the 3D gusts. If we assume the turbulence is 'frozen’ while convected by the mean
flow inside the boundary layer, then the chord-wise wave number for this frequency
is selected by K, = K. = w/U, where U, is the convected velocity and K, is the
convected wave number. Thus the fluctuating wall pressure field can be expressed

1 [ ’
P(f’ivw) - U/ g <$17 l;d?Ky) Ao (("}J’Ky> e de: (230)

where g is a transfer function that connects the incident pressure perturbation p;;, of

as

amplitude Ag to the pressure field P. If we assume the surface pressure fluctuation
caused by the turbulence to be a stationary random process, then we can analyze
P(#;,w) statistically. The power spectral density between 2 points on the airfoil
surface i/ and 7/ is defined as

w

w —i
SPP - U / 3/17 ) y) g ( i ﬁ K) KynHO (l]c,Ky) dth (231)
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where 7 = ya — vb, Iy is the wavenumber spectrum of the incident gust amplitude
Ay, and is estimated by Schlinker and Amiet [62] as

w o = U
11, (U,Ky> = f@l,p(w)zy(w,Ky), (2.32)

with ®,, the surface pressure fluctuation spectrum, and [, the span-wise correlation
length. Corcos [63] proposed a model that connects this correlation length to the
flow velocity as:

oo, ) = et e

= Kg YT PRIAES (2.33)

with b, a constant that should be measured experimentally. In the mid-span plane,
the correlation length reduces to the classical result:
b.U,
ly(w) = —=. (2.34)

w

However, it is needed to note that use of Corcos model at low frequency range
is limited, more investigations on the model are desired for low frequency noise
study. The power spectral density of far field sound is then obtained from Eq. (2.29)
and (2.31) as:

. wlLxs 2 e [
Spp(Tyw) = <47rcoS§) %/_Oo Dpp(w)

L, _ . w =
. 2 -~ o el
sinc { - (K, k::cg/So)} ‘f (UC,Ky)

2
ly(w, Ky) dl_{ya(2-35)

where £ is the airfoil transfer function (integral form of g). Equation (2.35) is
an exact solution that requires the integration over all y2 direction wavenumbers.
However, a simplification can be made by studying the property of the sinc(x)
function. If L/b is large, sinc?(x) can be approximated by a Delta function:
L - - 27wh ., -
.. 9 2 2
sinc® < — (Ko —k—) p ~ —0(Ky — k—). 2.36
{5 Fa =g | = 205k~ ) (230
This means for each frequency w, there is only one privileged oblique gust K, = /5?—3
will efficiently radiate to the far field, therefore the exact solution reduces to a
simplified solution:

Sy (7, w) = wexs 2£g i@
Aty W) = 471'0053 2 U.” So

Derivation of transfer function £ is given by Roger and Moreau [45] for super-

2

B, (w)ly <w, 12;”;(2)) . (237)

critical and sub-critical cases respectively. For super-critical case

0

L= Dt Ty = / @) + fag)) e s (2.38)
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where f2(2) corresponds to the leading edge correction term P». For the first order
term, we have:

L= ejéc {(1 +i)e Y | B'%CE*B(B - O)] - (1+1i)E*(2B) + 1} , (2.39)

where C = K. — ji(z1/So — M). As explained by Roger and Moreau [45], this
expression includes the incident pressure jump correction proposed by Amiet [64].

Expressions for % and for sub-critical gusts are given in Appendix A.

2.1.2 'Wall pressure spectrum model
2.1.2.1 Existing models for wall pressure fluctuation

Amiet’s model uses airfoil response functions to connect the surface pressure
fluctuation spectrum to the acoustic pressure jump at a far field point. A key
element for estimating the far field SPL accurately is to estimate correctly the
surface pressure fluctuation spectrum. Since the wall pressure fluctuation is
characterized statistically, it is usually expressed in the form of power spectral
density functions in the frequency domain [65].

Numerical models An accurate estimation of wall pressure fluctuation spectrum
can be obtained with direct numerical simulation (DNS) or large eddy simulation
(LES). However these computations are really time consuming and are limited to
relatively small Reynolds numbers. A less computational expensive method is to
perform Reynolds Averaged Navier-Stokes Simulation (RANS) with a turbulence
model.

Analytical models for zero pressure gradient Another technique for obtain-
ing wall pressure fluctuation spectrum is called scaling law method. It is based on
extensive flow measurements, and trying to find appropriate scaling parameters to
make all the normalized spectral curves collapse together. Scaling parameters can
be inner and /or outer variables of the boundary layer. Inner variables correspond to
the region where the velocity is a function of viscosity and wall shear stress, while
outer variables correspond to the region where the velocity depends on the external
velocity and the boundary layer thickness §. In Amiet’s original paper for trailing
edge noise [41], he suggested an empirical formula based on the Willmarth and Roos’
experimental data, by scaling with a single outer variable §*:
F(w)

‘I)pp(w) -5
=92.107 > 2.40
po(S*Ug’ 2 ’ ( )

where
F(@) = (1+& +0.2170% + 0.005620%) 1, (2.41)
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with @ = wd* /U, the reduced frequency, 6* the displacement thickness and U,
the external velocity. Since the small scales in the boundary layer are not well
represented by this outer variable, Amiet’s model does not give a good collapse in the
high frequency range. Later, Goody [66] attributed the high frequency discrepancies
of Amiet’s single parameter model to the Reynolds number effect, and thus proposed
an improved model that takes into account this effect by using mixed (inner and
outer) variables:

Dpp(w)Ue co(wd/U,)?
720 [(Wd/U)O™ + 13T+ [e3(wd/Ue)T)

(2.42)

where 7, = u(dU, /dy) is the wall shear stress, and the constants c¢1, ¢o and c3 are
suggested to be 0.5, 3.0 and 1.1R:*57 respectively, with Ry = (6/U.)/(v/u?) the
ratio of the outer to inner boundary layer time scales, v the air kinematic viscosity,
and u, the friction velocity.

Adverse pressure gradient model Considering the application of Amiet’s
model on a real size wind turbine, it is preferable to use a scaling formula for
the wall pressure fluctuation spectrum for its efficiency. However, both Amiet’s one
parameter model and Goody’s model are for a zero pressure gradient (ZPG) flow
condition, that is to say for a plat plate with a fully developed boundary layer. It
is not realistic for an airfoil where an adverse pressure gradient (APG) is observed
before the trailing edge. To take into account this effect, Rozenberg et al. [67] pro-
posed a more complex model based on Goody’s model and various experimental and
numerical data. In this APG wall pressure spectrum model, two new parameters are
introduced: A and B.. A = §/6* is the ratio between boundary layer thickness ¢ and
displacement thickness 0*, and . is an indicator for the surface pressure gradient.
Then ®,, scales as

Dpp(w)Ue  [2.82A%(6.13A707 4 Fy)41] [4.2- (§)] o2 o3
T2aa0* [4.76000-75 4+ Fy] A1 + [8c3@] A2 ’ '

max

where the main parameters of the model are [67]:

e the wake strength parameter IT = 0.8(8, + 0.5)3/4,
0* dp
Tw dT
ary layer to the wall shear forces,

e the Clauser parameter 5. = that compares pressure forces on the bound-

e the ratio of boundary layer thickness to displacement thickness A = §/§*,

with 6* the momentum thickness, T4, the maximum shear stress along the normal
direction, and % the pressure gradient. In addition, Ay, A2 and F} are empirical
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Figure 2.3: Normalized wall pressure spectrum for APG model and Goody’s ZPG
model for 8. = 0.

coefficients given by:

A = 3.7+158., (2.44)

Ay = min(3,19/\/Rr) +7, (2.45)
0.75

F = 476 <A) (0.375A; — 1]. (2.46)

Compared to Goody’s model, the proposed APG model uses §* instead of 9, 7,
is replaced by T4z, which is the maximum shear stress in the normal direction of
the airfoil surface. Wake strength parameter II can be measured by experiment,
however, Rozenberg [67| cited an empirical formula that relates IT and S, as:

IT = 0.8(3, + 0.5)%/4.

APG model is then coded in MATLAB to perform some parametric study and
validations. All the necessary input parameters can be calculated by using CFD
tools. Here, XFOIL (version 6.96) is used. [, is the key parameter for this model
as it quantifies the local pressure gradient. The first validation is done by setting
Be to 0; it is expected that APG model reduces to Goody’s model. The parameters
used are the data for V2 airfoil at the location RMP23 (cf [67]), except that A is
set to 8 instead of 3.9. The result is shown in figure 2.3.

We can see that when the pressure gradient is set to 0, the two models produce
the same spectra at low frequency, but APG model shows a more rapid decrease
slop at high frequency. This is because Rozenberg considers that as w — oo,

5

spectral level should decay faster than w™ according to the experimental data that

he has collected.
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To study the effects of the adverse pressure parameters, we gradually vary one
parameter, while keeping the other ones fixed. In Figure 2.4, when we vary A, f.
and IT are held constant at 2.5 and 1.82 respectively; on the other hand, when we
gradually vary S. and II, A is held constant at 8. From the results, we can see
that when S, is fixed, along with decreasing A, the spectral peak moves to higher
frequencies, and an increase in the peak value is observed. When we fix A and
gradually decrease (., the spectra becomes flatter in the middle range by increasing
the level on the right side of the spectra peak.

e max
o [$))

pp

BC decreases

10log, (®_ (@)U 2 3)

107 10° 10 10 10° 10
w3 /U, w3 /U,

(a) A e[2 8] (b) B € [0 4].

Figure 2.4: Behaviors of adverse pressure parameters in APG model.

Note that other wall pressure fluctuation models exist, such as the TNO-Blake
model. Some recent studies have shown that turbulence anisotropy effects need to
be included to improve the model accuracy [12, 68]. In this modified TNO-Blake
model, the turbulence intensity and integral length-scale are allowed to be different
in the three orthogonal directions.

2.1.2.2 Parametric study for boundary layer related terms using XFOIL

XFOIL is an interactive program for the analysis of isolated airfoils in incom-
pressible potential flows. The geometry of the airfoil is divided into piecewise
straight line panels with associated vortex sheets [69]. All input parameters and
flow settings can be realized by command lines. In XFOIL, an option ztr controls
the transition point. By default, xtr = 1 for both sides, standing for a free transition.

Wind tunnel turbulent intensity is determined by a N,.;; value in XFOIL. N is
the critical N value for e” method, it is the log of the amplification factor of the most
amplified frequency which triggers transition [19]: Ngpi¢ = —8.43—2.41n(1%/100%),
with I being the turbulence intensity. A suitable value of Ng.;; depends on the
ambient disturbance level in which the airfoil operates, and mimics the effect of
such disturbances on transition. Table 2.1 gives typical values of N..;; for various
situations.
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situation Nerit Correspond T (%)
sailplane 12-14 0.02 - 0.009
motor glider 11-13 0.03 - 0.01
clean wind tunnel  10-12 0.05 - 0.02
average wind tunnel 9 0.07 + standard e method
dirty wind tunnel 4-8 0.56 - 0.11

Table 2.1: Classification of N with corresponding wind tunnel conditions [19].

Nerig value has an effect on the laminar-to-turbulence transition point on the
airfoil surface, as seen in Figure 2.5 for a symmetric NACA 0012 airfoil and a
cambered NACA 63-415 airfoil (see Figure 2.6). Lower N (higher turbulence
intensity) leads to a transition point closer to the leading edge. If the turbulent
intensity is not mentioned explicitly, default value Ncrit = 9 is used. In XFOIL,
directly obtained parameters are ¢*,6*, skin friction coefficient C'y, and pressure
distribution. Boundary layer thickness § is calculated by a formula given in [70]:

. 1.72 .
5=0 <3.15+Hk_1>+5, (2.47)

where Hy = 6*/0* is the kinematic shape factor. We cannot estimate 7,4, from
XFOIL, so we assume Tp,q; = Ty in the following, with 7, = %pUQCf.

Ncrit =1

0 0.2 0.4 0.6 0.8 1

x / chord x / chord
(a) NACA 0012 (b) NACA 63-415

Figure 2.5: Skin coefficient C for different Nz values. AoA — 4° and Re = 4- 106
for all cases. Solid lines: suction sides; dashed lines: pressure sides.

Rozenberg’s wall pressure model is proposed for an adverse pressure gradient
flow condition. At the same time, the flow should not be detached. Figures 2.7
and 2.8 show the pressure and skin friction coefficients around NACA 0012 and
NACA 63-415 airfoil surfaces, respectively. The Reynolds number is 4 - 105 and
the test AoA are 0°,5° and 10°. N, value is set as 9, and a free transition
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(a) Profile of a NACA 0012 airfoil.

(b) Profile of a NACA 63-415 airfoil.

Figure 2.6: Profiles of NACA 0012 and NACA 63-415 airfoil.

configuration is used. Depending on the shape of each airfoil (see Figure 2.6), near
trailing edge, there might appear a favorite pressure gradient (FPG), that is to say,
the pressure decreases along the surface in the flow direction. And for a FPG flow
condition, the validity of Rozenberg’s APG model has not been tested. This is the
case for the NACA 63-415 airfoil on the pressure side. The skin friction coefficient
is also plotted to examine if the flow separation is present. In XFOIL calculation,
when a flow separation appears, the skin friction coefficient is zero. In the test
cases, this situation did not happen for either of the airfoil type.

= AoA =0°

G
) ‘ ‘ ‘ ‘ _ ‘ ‘ ‘ ‘
0 02 04 06 08 1 0.00% 02 04 06 08 1
x / chord x / chord
(a) Pressure coefficient C,,. (b) Skin friction coefficient C'y.

Figure 2.7: Pressure and skin friction coefficients for a NACA 0012 airfoil at a
Reynolds number of 4 - 10%. Solid lines: suction side; dashed lines: pressure side.
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Figure 2.8: Pressure and skin friction coefficients for a NACA 63-415 airfoil at a
Reynolds number of 4 - 10%. Solid lines: suction side; dashed lines: pressure side.

2.1.3 Large aspect ratio assumption

In Section 2.1.1, the PSD of far field sound pressure level is obtained for exact for-
mulation 2.35 and simplified formulation 2.37 under large aspect ratio assumption.
The exact formulation involves sub-critical gusts as well as an integration over K,
during the calculation. If the aspect ratio is sufficiently large, it is expected that
the simplified formulation can be used without losing accuracy.

A test case is performed for a fixed NACA0012 airfoil of chord 0.5m. The span is
chosen as 0.5m, 1.5m and 2.5 m, so that the aspect ratio is 1, 3, and 5 respectively.
The test velocity is 80m/s. Rozenberg’s APG model is used for ®,,. Far field SPL
is calculated by both exact and simplified formulations. The observer is 2m above
the airfoil in the mid-span plane. The results are shown in Figure 2.9. As the aspect
ratio increases, the sinc? function behaves more like a Delta function. When L/c is
greater than 3, the simplified formulation gives almost identical results as the exact
formulation over the whole frequency range, which confirms Moreau and Roger’s
conclusions [61]. Also, under large aspect ratio assumption, we have K'y = kxa/S0,
thus

EQMQ EQ 2 EQ 1 2
2 ( a:2> . (2.48)

WS R \R s
Since 1/[33 is always greater than 1, while :c%/Sg is always smaller than 1, the result
of Kk is always greater than zero. Therefore, when large aspect ratio assumption
applies, there will be no sub-critical gusts occur during the calculations.
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Figure 2.9: SPL by exact and simplified formula for NACA 0012 airfoils with dif-
ferent aspect ratio.

When using the exact solution, it is still needed to verify the contribution of
sub-critical gusts. A prediction using the exact solution is performed using a plate
with a span of 1m, and a chord of 1m or 0.33m. The flow velocity is 80m/s,
and the receiver is 2m away from the plate mid-span. The SPL of trailing edge
noise is calculated for these two chords, considering super-critical gusts contribu-
tions only, sub-critical gusts contributions only, and both contributions, as shown
in Figure 2.10. We can see that sub-critical gusts dominate mainly at really low fre-
quencies (below 100 Hz). When the aspect ratio is relatively large, it is acceptable
to omit the sub-critical gusts at sufficiently high frequencies.
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Figure 2.10: SPL prediction with exact solution for trailing edge noise. Super/sub-
critical gusts are shown separately.

2.1.4 Model validations with fixed airfoil

2.1.4.1 Wall pressure fluctuation and SPL spectrum validation against
measurements

To validate the effect of adverse pressure gradient on the noise generation, the wall
pressure fluctuation model is compared with Goody’s ZPG model against the data
from Brooks and Hodgson |71] for a NACA 0012 airfoil and from Kamruzzaman [12]
for a NACA 63-415 airfoil. A factor of 47 needs to be included when comparing
wall pressure and SPL spectra with measurements. As reminded by Paterson and
Amiet [13], a factor of 2 comes from the fact that the physically realizable one-
sided PSD is defined for positive frequencies only, and a factor of 27 is accounted
for in expressing results in terms of frequency f rather than the circular frequency w.

In Brooks and Hodgson’s work, a NACA 0012 airfoil of chord 0.61m and span
0.46 m is placed in an anechoic quiet-flow facility. The test velocity is 69.5m/s. A
series of surface pressure sensors are mounted on both sides of the airfoil surface
inline with the chord. The last sensor is 1.854 c¢m away from the trailing edge.
Figure2.11(a) compares the surface pressure fluctuation spectrum for APG and
ZPG models to the measurements at the last sensor. In Figure2.11(b), the com-
parison for SPL is presented for the same experimental settings. Microphones are
placed in the mid-span 1.2m above the trailing edge. The APG model effectively
increases the surface pressure spectrum levels at frequencies below 5kHz, thus the
SPL spectrum, and the predicted results are closer to the measurements.

Kamruzzaman et al. [12] have performed surface pressure measurements on an
asymmetric NACA 643-418 airfoil of chord 60 cm on both pressure and suction sides
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Figure 2.11: Comparison between APG model, Goody’s ZPG model and measure-
ments for a NACA0012 airfoil. (a) Wall pressure spectrum comparison; (b) Far field
SPL comparison.

AoA =0° AoA = 3°
5 (mm) | 0*(mm) | &*(mm) | 6*(mm)
Exp. 6.76 2.99 9.71 3.59
XFOIL 6.0 3.1 8.1 3.7

Table 2.2: Boundary layer parameters calculated by XFOIL and measured by Kam-
ruzzaman et al. [12] at x/c — 0.995.

which permits us to study the spectrum on both sides of the airfoil. The inflow
velocity is 62m/s and the AoA is 0°. The boundary layer displacement thickness
0* and momentum thickness 6* calculated by XFOIL are compared to measured
values in Table 2.2 (suction side only).

Figure 2.12 shows the pressure coefficient and skin friction coefficient on
the airfoil surface at zero AoA. Both plots show that the adverse pressure only
appears on the suction side while on the pressure side, a favorite pressure gradient
is observed. This makes the application of APG model on the pressure side
questionable. Here we will only apply the APG model on the suction side, and
Goody’s ZPG model will be used for the pressure side.

Associated wall pressure spectra are plotted in Figure 2.13(a). On the suction
side, the predictions are much closer to the measurements using the APG model
compared to the ZPG model, although the levels are still lower than the measured
ones. Figure 2.13(b) compares the SPL spectrum predictions to the measurements.
Using the APG model on the suction side and the Goody’s ZPG model on the pres-
sure side, a better agreement is found although the predictions still underestimate
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Figure 2.12: Pressure coefficient and skin friction coefficient for NACA643418 airfoil
at zero AoA.

the measured values.

As a conclusion, it is clear that the adverse pressure gradient has an important
effect on the SPL prediction, however its modeling is still an open issue in the
aeroacoustics community.
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Figure 2.13: (a) Wall pressure spectra on the suction side (black lines) and on
the pressure side (red lines) measured by Kamruzzaman et al.[12] (symbols) and
predicted by APG (solid lines) and ZPG models (dashed lines) models. (b) Third
octave band spectra of far-field SPL. Symbols: measurements; black line: APG
model applied on suction side, and Goody’s ZPG model on pressure side; blue line:

7ZPG model.
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2.1.4.2 SPL comparison with semi-empirical model

Extensive measurements with NACA (0012 airfoil are performed by Brooks,
Pope and Marcolini [1] (BPM report), providing us the possibility of validating
Amiet’s model for trailing edge noise. They proposed a semi-empirical model
based on these measurements with fixed NACA 0012 airfoils. Thus their model
requires many direct boundary layer parameters as input, such as boundary layer
thickness 6%, momentum thickness 6*. The airfoils have various chord lengths,
0.1016 m, 0.1524m, 0.2286m, 0.3048 m. The span is 0.46 m, so only the airfoils
with chords of 0.1016 m, 0.1524m fulfill the large aspect ratio criteria. Tested an-
gles of attack (AoA) are from 0° to 12.6°. Boundary layer parameter measurements
are made at 0.64 mm from the trailing edge. Airfoils are tested with tripped and
un-tripped surfaces. For tripped cases, the boundary layer transition from laminar
to turbulence was achieved by a random distribution of grit in strips from the
leading edge to 20% chord; while for un-tripped cases, the surfaces were smooth
and clean, and free transition was expected. This transition location is realized by
changing the xtr value in XFOIL, as explained in Section 2.1.2.2. Test velocities
at free stream were up to 71.3m/s, corresponding to a Mach numbers up to 0.208,
and a Reynolds numbers up to 1.5 - 10% for the largest chord.

In this BPM report, empirical expressions for 4, 6%, 8" for a NACA 0012 airfoil
with sharp trailing edge are given for both tripped and un-tripped cases, and for
both sides. All the expressions are obtained based on the experimental results (See
Figures 6-8 in the report). XFOIL results for 6* and 6*, and estimation of § from
Equation (2.47) are compared with the empirical curves in Figure 2.14. We can see
that the boundary layer thicknesses of the tripped case fit better with the empirical
curves than those of the un-tripped case. This may be because for un-tripped cases,
especially at low Reynolds, the boundary layer remains laminar till trailing edge,
and thus it is thicker than the tripped case with the same Reynolds. The results for
larger chords fit better than those for smaller chords, because it has larger Reynolds
number for the same velocity. The case with 0.1524 m chord fits the best among all
chords for both ¢* and 6*. Boundary layer thickness J is in good agreement in the
Reynolds range where 0* and 6* are well fitted, which means expression (2.47) can
be used to calculated 9.

Boundary layer parameters as a function of AoA are plotted in Figure 2.15.
Only the tripped case are shown for inflow velocities of 39.6 m/s and 71.3m/s. The
fitting is better for pressure side than suction side. This may be due to the fact
that on the suction side, there is a risk of flow detachment. Under this situation,
XFOIL cannot provide correct results. For the pressure side, the boundary layer is
less likely to detach, thus XFOIL results are more reliable.

For the SPL measurements, a microphone is placed 1.22m away from the airfoil
trailing edge in the mid-span. Free stream velocity is 71.3m/s for all the cases.



2.1. Amiet’s theory for trailing edge noise 39

TV ‘ ‘
= tripped = tripped
: A * = untripped oo = untripped
102\%\ s : , 1
o B B o o B B B
*; 0 *5
-3 -3
10 : : 10 : :
10° 10° 10° 10°
Re Re
(a) 0% /c (b) 6% /c
E — tripped
a a = untripped

Re
(c) d/c

Figure 2.14: Boundary layer parameters calculated with XFOIL (symbols) compar-
ing with empirical curves (lines) given by [1], AoA — 0°. Symbols represent different
chord length: ¢, 0.3048m; %, 0.1524m: A, 0.1016m; O, 0.0508; (I, 0.0254m.
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Figure 2.15: Comparison of §*, § and 6* calculated by XFOIL for tripped cases at
various AoA. Symbol shapes are consistent with Figure 2.14. Empty symbols are for
suction side, and filled symbols are for pressure side. Left column consists figures
with free stream velocity U = 71.3 m/s, right column consists figures with free
stream velocity U = 39.6 m/s. Subscription ¢ stands for the corresponding terms
at 0° AoA.
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Results for chord of 0.1524 m are shown with various AoAs in Figure 2.16. Markers
are results from BPM semi-empirical model; lines are results from Amiet’s model,
with Goody’s ZPG model (left column) and the APG model (right column) respec-
tively. For a NACA 0012 airfoil, adverse pressure gradient appears on both side of
the trailing edge, thus Goody’s model underestimate the results. APG model gives
relatively good results, especially in the lower frequency range, but over estimates
the SPL at higher frequencies. However, using APG model, we can capture the phe-
nomenon that TEN is dominant on the suction side, and the level is proportional to
the displacement thickness, while the spectrum peak frequency is inversely propor-
tional to the displacement thickness, as mentioned by Brooks and Hodgson [71]. For
AoA greater than approximately 5°, separation noise become dominant according
to BPM model. Separation noise is not accounted for in our model, which might
underestimate the SPL at high AoA.

2.2 Amiet’s theory for turbulent inflow noise

2.2.1 Derivation of Amiet’s model for turbulent inflow noise

When a turbulent gust encounters an airfoil (or a plate), this fluctuating gust will
cause a fluctuating lift (or fluctuating pressure) on the airfoil surface, which in
turn, lead to the generation of sound. Amiet’s analytical model for turbulent inflow
noise [40] was proposed before trailing edge noise [41]. The procedure is similar
as for trailing edge noise. First, the pressure fluctuation on the airfoil surface due
to incoming gusts is determined. This is usually done in the Fourier domain by
decomposing the incoming gusts in wave numbers. Then acoustic analogy is applied
to obtain the far field pressure fluctuation. The last step consists of calculating the
power spectral density of far field pressure fluctuations, to get the SPL spectrum at
far field.

Induced surface pressure fluctuation

As for trailing edge noise, we first assume a flat plate with a semi-infinite chord.
An illustration of the configuration is shown in Figure2.17. The leading edge is
aligned with y axis, flow is in « direction, and z is the direction normal to the plate
surface. Incoming turbulence is convected by the mean flow U. We assume that
during the convection, turbulence properties do not change (frozen turbulence). If
we decompose the turbulent gust in the Fourier domain, we can express the gust in
form

w = woe! W Ker=Kyy), (2.49)

where K, and K are the chord-wise and span-wise wavenumber respectively. The
velocity potential field ¢ imposed by w with is then

kM )
O(x,y,2,t) = pla, z)e e B e, (2.50)
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Following the similar procedure as for trailing edge noise, we obtain the 3D
Helmholtz equation in term of ¢ as:

¢ =0, (2.51)

where K has the same expression as in Section 2.1.1, replacing K. by K. The main
term of induced surface pressure is linked with the velocity potential ¢, thus it can
be calculated after solving equation (2.51) for ¢:

—im/4 _
_ € ' Ko M? /85 —R)i—Kyy)
p1(z,y,0,t) = powolU el 0 vyl (2.52)
V(B3R + K b)z

The trailing edge correction term (corresponds to leading edge correction term for
trailing edge noise) is given in Appendix A
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Figure 2.17: 3D geometry for turbulent inflow noise.

Far-field pressure fluctuation calculation

The induced pressure field distribution is linked to the far field sound pressure level.
According to equation (2.18), the integrated surface pressure is written as:

== wR3 5 —iwR:/c
(%, w) :/47T60Rgl(y,t)e Ri/eo gg,. (2.53)

The incoming incident turbulence considering the convective velocity can be written
in wave number form as:

Wy, o t) = (Ky, K, )el i 1 =U0—Kyya] (2.54)

where @(Kx,Ky) is the 2D spatial Fourier transform of w(y1,y2,t). The local lift
force is equal to the pressure jump, thus it can be expressed as:
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l/(ylu Y2, t) = AP(ylu Y2, t) — QWPOUW(?JL Y2, t)g(yla Y2, t)
= QWPOUZ@(KZ‘) Ky)g(?/l, Kxa Ky)ei[_Kr(w—Ut)—Kyyz]’
(2.55)

where g(y1, K, Ky) is the airfoil transfer function for turbulent inflow noise, linking
the incident turbulent gusts and the far field acoustic pressure. The Equation (2.55)
gives the lift force due to a single incident gust. By integrating over all wave
numbers, we get the total lift force at the point (y1,y2):

l(ylvy%t) = // l/(ylay2at)de de

= 27rpoU// W(Ky, Ky)g(y1, Ky, K,)elm Ke@=UD=Kywlgre drc,.
(2.56)

The time domain Fourier transform of Equation (2.56) leads to:

1(§,w) = 2mpo / / W(Ky, Ky)g(yr, Ky, K, )e v <2U7r / Z e“KzUw)tdt) dK, dK,.
- (2.57)
Applying Dirac function:
/oo el gy — 2%5(KIU —w), (2.58)
we can simplify equation (2.57) as:
17, w) = 27mpo /_Z 0 (%,Ky) g (yl, %,Ky> e vgK,. (2.59)

Far field spectrum of sound pressure level calculation

We then introduce the cross power spectra density (cross-PSD) in statistical
variables S); for the local lift as:

Sll(_’a?j/vw)
2, W N w % w —i _ /
= o) [ [ B K (Kol K 0, 2 Ky oK i,
(2.60)
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Due to the statistical orthogonality of the wave vectors, it is shown that |72]:

&(%UKQ1F<%HKQ::U&K@—B%ﬂ%w(ghKﬁ, (2.61)
where @, is the 2D turbulence energy spectrum. Now introducing equation (2.61)
into (2.60), we get the cross-PSD as:

o

Sll(?jaglvw) = (27TP0)2U/

—00

w w % w - )
(I)ww <ﬁ7 Ky) g (ylv ﬁu Ky) g (yiv ﬁu K:;) € Ky(yZ yz)de_
(2.62)

Recall equation (2.53) for the acoustic pressure at far field, we can derive the far
field PSD as [73]:

2
i = [ (1) suli w0 asyasy
mCo

(e e

/ Do (5, K. )g (yl, ;,K )g (yl, ﬁ’K?/J> e_iKy(yQ_yé)dedSdey/.
(2.63)

Spp (%, w)

The distance R; between the retarded source location and the observer is defined
by Equation (2.24), thus the term R; — R} can be approximated as:

Ry — May(z1 —y1) R — Ma(z1 — o))
83 53

(W —y) (@1 — SoM.) + Biwa(ys — y2)

~ 5 .

Substituting it into equation (2.63), and using the same geometric approxima-

R — R, =

(2.64)

tions as in Section 2.1.1, we get:

Spp(f,(,d) (2(22];3) U// c050ﬂ2 yl yl)( 1—1P0 ) 0 2(y2 yg)

‘/‘ @ww(U K, gy, Kz, Ky)g (%jA;,A;)e%KawTwﬁdA@dsydsyﬁ

(2.65)

where dSy = dyidys and dSy' = dy|dy). Detailed calculations can be found in [73,
74]. The far field SPL S), is finally expressed by the airfoil transfer function for
turbulent inflow noise .Z":

2
L [ powers > w 2(, W ine? | L (Fr2
Spp(Z,w) = ( 26052 > U/ @ww(U,Ky).,? (ml, U,Ky) sinc [2 < 5o Ky>] dK,.

- (2.66)
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If the aspect ratio L/c is large enough, we can express the sinc?(z) function by a
Delta function, and then the PSD of turbulent inflow noise at far field is reduced as

s ) = (Proees ple (@ kaa) | g, @ kaaf
PP N 20058 T 2 e U’ Sg 17U’ S()

For the super-critical case, the expression for the first-order term of the airfoil

(2.67)

transfer function is written as:

7. _ l 2 * SH)
LT, Ko Ky) = w\/(ﬁngz)-@lE 20,]¢7©2, (2.68)

As in the trailing edge noise model, we neglect the second-order back-scattering
correction because it is small for the chord and frequencies considered in the study.
For the sub-critical case, the expression for the airfoil transfer function is given in
Appendix A.

Von Karman spectrum for isotropic turbulence

®,, that appears in Equation (2.67) is the 2D energy spectrum of vertical velocity
fluctuation for isotropic turbulence. We used the Von Karméan spectrum model,
thus the spectrum is given in the form:

102 KZ+K2
Qun(Ka Ky) = 52325 Ay (2.69)

where K = K/K, and K, = %;E??gg ~ 0.747/A, with A the turbulence integral
length scale, and o, is the root-mean-square of turbulent velocity fluctuations.

2.2.2 Airfoil thickness correction for turbulent inflow noise

In the report of Paterson and Amiet [13], it is observed that for the turbulent in-
flow noise, there is a great discrepancy between the measured far field SPL and
the prediction. This discrepancy becomes larger at high frequency and low Mach
number. They attribute this discrepancy to the fact that the thickness of the airfoil
is not taken into account by the model (because of the thin flat plate assumption).
Recently, Devenport [14], Roger and Moreau [75] showed that turbulent inflow noise
is almost independent of AoA for a symmetric airfoil such as a NACA 0012 profile.
However, it is subject to the airfoil thickness, especially for the incoming turbu-
lence with eddy size that is comparable with the airfoil thickness. The thickness
of a airfoil tends to reduce the turbulent inflow noise level. We propose here an
empirical correction based on the data shown in Figure 6 of Roger and Moreau’s
publication [75]. The reduction level in dB due to airfoil thickness is calculated by
linear interpolation based on these data:

SPLR(dB) = 9/50 ’ (e/c)/(e/c)ref ’ f/U ’ (A/C)ref/(A/C)a (2.70)
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where e is the airfoil maximum thickness, and A is the turbulent integral length
scale. The subscription ..y stands for the value of reference experimental data from
a NACA 0012 airfoil, which is: (e/f)ref = 0.12, and (A/c) = 0.1.

2.2.3 Sound pressure level comparison with fixed airfoil

Amiet’s model for turbulent inflow noise is validated in this section for symmetric
and asymmetric airfoils respectively. The experimental data for a NACA 0012 airfoil
from Paterson and Amiet [13] and a NACA 0015 airfoil from Devenport et al. [14]
are chosen for the symmetric airfoil validations. The data for a S831 airfoil from
Devenport et al. [14] are chosen for the asymmetric airfoil validations.

2.2.3.1 Turbulent inflow noise validations for symmetric airfoils

The first validation for a NACA (0012 airfoil with thickness correction is shown in
Figure 2.18. The measurements are from Paterson and Amiet [13]| for a NACA 0012
of chord 23 ecm. Test Mach numbers are between 0.12 and 0.5. The turbulence in-
tensity is around 4 to 5 percent, and the longitudinal integral length scale is 0.03 m.
Airfoil maximum thickness is 12% of the chord. The agreement between model
and measurements is greatly improved when the thickness correction is considered,
which is expected since this set of data was used to obtain Equation (2.70). We can
also see that the SPL reduction due to the thickness correction is more pronounced
at high frequencies and low Mach number.
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Figure 2.18: Turbulent inflow noise with thickness correction for a NACA0012 airfoil.
Symbols: measurements from [13]; solid lines: Amiet’s turbulent inflow noise model
without thickness correction; dashed lines: Amiet’s turbulent inflow noise model
with thickness correction.
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Figure 2.19: SPL comparison for a NACA 0015 airfoil. Measurments from [14].

The second validation for a symmetric airfoil is against measurements from De-
venport et al. [14]. Experiments are performed in a wind tunnel at a Mach number
of 0.08. A biplanar rectangular grid is placed in the contraction part of the tunnel.
The turbulence property measurements confirm a von Karméan spectrum whose lon-
gitudinal integral length is 82mm, and turbulence density is 3.9 % at flow velocity
of 30m/s. The microphone is placed 1.8 m above the leading edge of the airfoil in
the mid-span plane for the noise measurement. The span of the tested NACA 0015
airfoil is 1.83 m, and the chord is 0.61 m. Figure 2.19 shows that Amiet’s model over-
estimates the measured SPL. With thickness correction. The results are little better
comparing to the measurements, however, the overestimation is still up to 10dB. We
need to note that the thickness correction does not include airfoil curvature, which
might be a source of overestimation.

2.2.3.2 Turbulent inflow noise validations for asymmetric airfoils

Measurements from Devenport et al. [14] for a S831 are considered in this section.
Wind tunnel and experimental setups are identical as explained in previous section
for NACA 0015 airfoil. The test airfoil has a span of 1.83 m and the chord of 0.914 m.
SPL prediction with and without thickness correction are compared with the mea-
surements in Figure 2.20, at angle of attack of 0° and 2°. The thickness correction
slightly improves the agreement between predictions and measurements, but it not
sufficient to provide a satisfying agreement below 200 Hz. This discrepancy can be
attributed to AoA, curvature and camber effects. As noted by Devenport et al. [14],
turbulent inflow noise is almost independent of AoA for symmetric airfoils, but is in-
fluenced by the airfoil geometry for the S831. This is clear seen in the predictions of
Devenport et al. [14] for AoA between 0° and 4°, reproduced in Figure 2.20. These
predictions are based on a panel method described in [76] that exactly accounts for
the airfoil geometry. Figure 2.20 shows that these predictions correctly capture the
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thickness effect, and that the effect of AoA is significant, with a decrease of about
4dB between 0° and 4°. Even though Amiet’s predictions tend to overestimate the
noise levels in this case, one must keep in mind that the Mach number is very small
in this experiment, thus the discrepancy seen in Figure 2.20 can be considered as
the worst scenario for wind turbine blades.
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Figure 2.20: Turbulent inflow noise with (black dashed lines) and without (black
solid lines) thickness correction for a S831 airfoil. The results are compared to the
measurements (black symbols) and predictions (red lines) of Devenport et al. [14]
for AoA of 09, 2° and 4°.

2.3 Conclusions

In this chapter, Amiet’s analytical model for trailing edge noise and turbulent
inflow noise have been presented in details. Pressure fluctuation in the far field
is related to the surface pressure jump by airfoil transfer functions. The power
spectral densities of SPL for the two noise mechanisms are obtained using statistical
methods. The expressions can be simplified if the airfoil geometry satisfies the large
aspect ratio assumption, with a greatly reduced computation time without losing
accuracy.

The trailing edge noise theory requires surface pressure fluctuation spectrum
as an important input data. A wall pressure spectrum model that considers an
adverse pressure gradient (APG) flow proposed by Rozenberg et al. is examined in
this chapter as an improvement to the original Goody’s expression for zero pressure
gradient (ZPG) flow. The results show that the APG model greatly improves the
predictions. However, more accurate and efficient predictions, such as the ones
obtained with the modified TNO-Blake model, are desired and are currently under
study in the aeroacoustics community.



50 Chapter 2. Amiet’s model for aerodynamic noise

For turbulent inflow noise, Devenport et al. and Roger & Moreau showed that
the level is independent of angle of attack for a symmetric profile, but is influenced
by the airfoil thickness. According to experiments, a thicker airfoil radiates less
noise. The reduced level is related to the turbulence integral length scale, as well as
the thickness of the airfoil itself. An empirical correction by Roger and Moreau is
used in this chapter to take into account this effect. Validations for this thickness
correction are performed against measurements for both symmetric and asymmetric
airfoils. The results show that the correction is able to reflect the trend of reduction
with respect to the flow Mach number and frequency. However, the reduction level
is not enough to bring the prediction levels down to the measurements especially for
an asymmetric airfoil. This indicates that camber effect and airfoil geometry have
influences on the turbulent inflow noise, also, other turbulence parameters might
need to be used in the empirical correction.



CHAPTER 3
Noise prediction for a full size
wind turbine i1n free field

Contents
3.1 Imtroduction . . . .. . . . . . i i i i it 51
3.2 Aerodynamics of a wind turbine using blade element mo-
mentum theory . . . . . . . . . ... e e 52
3.3 Application of Amiet’s model to a 2.3MW wind turbine . . 54
3.3.1 Limitations of Schlinker and Amiet’s approach for a rotating
blade. . . . . . . . 58
3.3.2  Application to a rotating blade: Doppler effect, blade division
and coordinate transfer . . . ... ... . 0 L0 59
3.3.3 Atmospheric turbulence and wind shear modeling . . . . . . . 62
3.4 Resultsand discussions . . . . . . . . ... 000000 . 65

3.4.1 Results for a constant wind speed and no atmospheric turbulence 65

3.4.2 Results with wind shear and atmospheric turbulence . . . . . 68
3.4.3 Comparisons with semi-empirical BPM model . . . . . . . .. 76
3.5 Conclusions . . . . . ¢ v v v i i i i e e e e e e e e 82

3.1 Introduction

Amiet’s analytical models for trailing edge noise and turbulent inflow noise presented
in Chapter 2 are applied to wind turbine noise prediction in this chapter. The
original models are based on a fixed flat plate, thus it requires an adaptation to a
rotating airfoil. The blade is divided into shorter segments to better describe the
variation of the flow conditions along the blade, and then the logarithm summation
is performed over all the segments to get the total noise level. It is also possible to
deduce the noise directivity and to study its amplitude modulations. Furthermore,
the effect of wind shear can be examined since the wind speed profile is taken as an
input parameter. Amiet’s source model assumes propagation in free field conditions.
However, we will see in the next chapter that it can be coupled to a propagation
model to take into account ground and refraction effects.

First the wind turbine aerodynamics is studied using the blade element momen-
tum theory in Section 3.2. Then, the adaptation to a 2.3MW wind turbine with
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rotating blades will be explained in Section 3.3, considering Doppler effect, blade
division and the coordinate transfer. In the same section, studies on atmospheric
conditions, namely wind shear and atmospheric turbulence, are also presented, in
order to obtain suitable input parameters for the noise models. In section 3.4, re-
sults on SPL, directivity, amplitude modulation, as well as the effects of wind shear
and atmospheric turbulence are examined in detail.

3.2 Aerodynamics of a wind turbine using blade element
momentum theory

Blade element momentum theory (BEM) is the combination of blade element theory
and momentum theory. It is one of the fundamental aerodynamic theory for rotating
blades (wind turbine blade, propeller), and is used to calculate blade local forces,
thrust, induced velocity, etc [77, 78]. If we consider an isolated stream flow passing
through the rotor plane as shown in Figure 3.1, the flow is irrotational on the left
side of the rotor, then gains angular momentum after passing through the rotor.
Since for this isolated system, conservation laws must be obeyed, there must be an
equal and opposite angular momentum imposed on the rotor blade. At the same
time, the flow axial velocity changed after passing through the rotor because part of
the energy is converted to rotating motion. We relate the change in axial velocity
with an induction factor a, and the change in angular velocity of the rotor blade
with a tangential induction factor @, see Figure 3.2. Using force balance and torque
balance on the blade, we can obtain the expressions for a and o’ as [77]:

27 —1
- (48111<Z+06> N 1) (3.1)
,Ch

and

5.0, (3.2)

where C),, Cy are axial and tangential force coefficient respectively, related with lift

o — <4sin(i +ajeos(i+a) 1) -1

and drag coefficients by
Cp, = Crcos(a) + Cgsin(a) and Cp = Cysin(a) — Cy cos(a), (3.3)

with « the angle of attack and ¢ the angle between the rotor plane and the chordline
(see Figure 3.2). o, is called the local solidity defined as: o, = Byc/27r with B,
the number of the blades, and r the distance from a blade section to the rotor.
BEM method is important for wind turbine operations; it can be used in blade
design, power output calculation and performance optimization. From an acoustic
point of view, it is of most interest to know the induction factor a and a’, since
they modify the AoA at the leading edge of the blade. An iterative procedure by
assuming a = a’ = 0 at beginning is usually used to obtain converged value of a
and a’ |77, 78|. Other input parameters are chord length, blade twist, local lift and
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Rotor plane

Figure 3.1: Free flow passing through the rotor plane.
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Rotor plane

Figure 3.2: Induced velocity in the rotor plane.

drag coefficients. Prandtl’s tip loss factor is also considered to correct the infinite
number of blades assumption [77].

BEM method is now applied for a test case of a 5 MW wind turbine. This wind
turbine is used in assessing offshore wind technology by NREL [15]. The advantages
of this reference is that blade twist and chord variations along the blade is given in
their report, which is not often the case for commercial wind turbines. This specific
upwind 3-blade wind turbine has a tower height of 90 m, rotor diameter of 126 m,
rated speed of 11.4m/s, and rotor speed of 12.17rpm. In their study, each blade is
divided in strips in order to describe the airfoil shape variations. The airfoil profile
changes along the blade: near the root, a cylinder cross-section is used, then the
profiles change to DU40, DU35, DU30, DU25, DU21, where 'DU’ stands for ’Delft
University’. The last 1/3 of the blade till the tip, a NACA 64 profile is used. It is
not specified in their report which type of NACA 64*** airfoil is used near the tip
region. However, the lift and drag coefficients, shown in Figure 3.3 are similar to
those of a NACA 63-415 airfoil that will be used in the rest of this chapter.

Figure 3.4 shows the angle of attack calculated by BEM theory, that is, after
considering induced velocity change, in both axial and tangential directions. We can
see that near the tip region, the AoA is approximately 5°, which is the angle where
C;/Cy reaches the maximum for the NACA 64 airfoil, see Figure 3.5. The dashed
line in Figure 3.4 stands for the AoA where no BEM method is used. It is simply cal-
culated by a = tan(U/wr), corresponding to a = a’ = 0. We can see that the BEM
method reduces the AoA by up to 3° near the tip region. This reduction of AoA can
have an influence on the boundary layer parameter calculations when applying wall
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Figure 3.3: Comparison of lift and drag coefficients for the NACA 64 airfoil (dash-
dotted line) used in [15] and the NACA 63-415 airfoil (solid line).

pressure fluctuation spectrum model, as we have shown in Section 2.1.2. Converged
values of induction factors @ and @’ as a function of distance to the rotor center are
shown in Figure 3.6, from where we can see that the angular induction factor is very
small along the blade, while axial induction factor is more important in the point of
view of changing the AoA. It is needed to point out that when the axial induction
factor becomes larger than approximately 0.4, an empirical correction for induction
factors should be applied [77]. We did not apply this correction, although it would
be needed for the tip segment.

We compared our BEM results with the results of FAST version 8.12 that is
developed by NREL (National Renewable energy laboratory). As seen in Figure 3.4,
the AoA predictions are similar except close to the tip. Also, Figure 3.6 shows
that FAST predicts a more realistic axial induction factor that remains close to 0.2
along most of the blade segments.

To apply BEM theory on a wind turbine, it is necessary to have the knowledge
of the blade twist. However, this information is usually not available for commercial
wind turbines, so BEM theory will not be applied hereafter. Instead, the optimal
AoA is set as a constant along a blade corresponding to the value where C;/Cy
reaches the maximum as we saw from Figures 3.4 and 3.5.

3.3 Application of Amiet’s model to a 2.3MW wind tur-
bine

Schlinker and Amiet [62] applied Amiet’s model to a helicopter rotor to predict the
noise generation. In this section, the preparation work for applying Amiet’s model
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Figure 3.4: Angle of attack along the blade of the 5SMW wind turbine calculated
by BEM theory. Black dash line: induced velocity is not considered (a = a’ = 0);
color line: induced velocity is considered, and colors corresponds to different profile
sections as shown in Figure 3.5; red line: induced velocity is considered and predicted
by FAST. Tip loss factor is considered.
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Figure 3.5: C;/Cy for all the blade sections mentioned in [15].
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—e— axial induction factor a
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Figure 3.6: Axial and angular induction factors calculated by our BEM code (black
lines), and axial induction factor calculated by FAST (red line) for a 5MW wind
turbine.

Wind speed at Rotor speed
hub height (m/s) (rpm)
case 1 6 13
case 2 8 14

Table 3.1: Parameters for the two test cases from Reference [18].

on a full size wind turbine is detailed, including the limitation on the frequency
range of Schlinker and Amiet’s approach when considering the rotating motion, the
coordinate transfer between source and observer, the blade division principles, etc.
The wind turbine is a 2.3MW Siemens SWT 2.3-93 wind turbine, with a tower
height of 80 m, and three 45B blades of length 45m that have controllable pitch
angle. The chord length is 3.5m at the root of the blade and 0.8m at the tip,
and we assume a linear variation from root to tip. All these data in addition to
the sound power level measurements are found in Reference [18]. As for the airfoil
section, we choose a NACA 63-415 airfoil, because it is a common airfoil used for
a modern wind turbine [79], and it has visually a similar shape as B45 profile [80].
A default AoA of 4° is chosen, as the maximum C;/Cy value is at an AoA of 4° for
Re =410 in Figure 3.7. Two cases mentioned in Reference [18] are summarized
in Table 3.1 and studied hereafter.

To apply Amiet’s model to a rotating blade, we first divide the 3 blades into
segments, then XFOIL is used to calculate the boundary layer related parameters.
In this step, blade twist, blade position are taken into account. After coordinate
transform, we apply Amiet’s model on each segment, to calculate the noise generated
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by each segment. Doppler factor is taken into account in this step. Finally, we
perform logarithm summation over all segments, to obtain the total SPL for this
specific observer position, and specific frequency. Detailed explanations are given in
the following sections.
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Figure 3.7: C;/Cy as a function of AoA for a NACA 63-415 airfoil at Re = 4 - 10°.

3.3.1 Limitations of Schlinker and Amiet’s approach for a rotating
blade

Lowson [81] showed that the effect of rotating motion is weak if the ratio of source
angular frequency to rotating speed is high (that is, w/Q >> 1). Since for a wind
turbine, the rotor speed is a few radians per second, while the frequencies of interest
are typically greater than 100 Hz, the effect of rotation is weak. In this case, we
can describe the rotating motion by a series of translations over an infinitesimal
distance, as proposed by Schlinker and Amiet [62]. Blandeau and Joseph [16] vali-
dated Schlinker and Amiet method by comparing it with an analytical model that
treats the rotating effect exactly, see Figure 3.8. The exact results are obtained
using Ffowes Williams and Hawkings (FWH) equation for a rotating dipole source
to calculate the surface pressure fluctuation, while the far field noise is calculated
using Amiet’s airfoil transfer function. Comparing the two calculations, a domain of
validity based on the frequency range is found. The low frequency limit is proposed

as:
€o
= 34
Jiow 277 sin Oy (34)
and the high frequency limit is:
3U, R%:57
Snigh ~ ——1— (3.5)

oy’
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d (m) | Ry | frigh(Hz)
root | 0.086 | 53.5 350
tip 0.021 348 5111

Table 3.2: Upper frequency limit estimation for 2.3MW wind turbine with reference
velocity of 8m/s at hub. AoA is set at 4°, and Re = 4 - 10°.

where 7 is the distance between rotor center to the segment, 0;,,, is the angle between
the horizontal line and the line connecting the hub and the observer, U, is the chord-
wise flow velocity, Ry is the ratio of outer-to-inner timescale (also used in APG wall
pressure fluctuation model in Section 2.1.2) and ¢ is the boundary layer thickness.

Figure 3.8: IHlustration of exact rotor motion and approximated rectilinear mo-
tion [16]. (a) Exact FWH based model; (b) rectangular motion approximation.

From Equation (3.4), the highest low limit occurs when the distance 7 is the
smallest, that is, the root segment, other segments will have lower low limits. For this
particular 2.3 MW wind turbine, the distance between the first segment center to the
rotor is 6 m, thus the low frequency limits are 15 Hz and 113 H z for observers located
respectively 100 and 1000 m in the downwind direction. The upper frequency limit
increases with Reynolds number. The average Reynolds number is around 4 - 108
for the model wind turbine, and the boundary layer related parameters are given
in Table 3.2 for the root and tip sections, as well as the frequency limits estimated
by Equation (3.5). Calculations are done with XFOIL. We can see for the root
segment, the limitation is quite low, however, since most of the sound is produced
near the tip region [3], we will calculate our spectra until 5 kHz in the following.

3.3.2 Application to a rotating blade: Doppler effect, blade divi-
sion and coordinate transfer

Doppler effect

Although the rotating effect is weak for a wind turbine, it can be important for a
helicopter rotor. Schlinker and Amiet [62] introduced an expression for the Doppler
factor to take into account the rectilinear motion of the source. The Doppler factor
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relates the observer frequency w to the emission frequency we at the source [62, 82].
As shown by Schlinker and Amiet [62] and Sinayoko et al. [82], the instantaneous
PSD at the observer for an azimuthal blade position § is given by :

Spp(X_(),w,ﬁ) = %S],;p(f)wﬁﬁ)? (36)

where Xg and X correspond respectively to the observer coordinates in the hub
and blade coordinate systems, and Sj’gp(a’c,we,ﬁ) is given by the Equation (2.37)
and (2.67). They also derived an expression for the azimuthally averaged spectrum:

T o w " or w
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Blade division

Another issue related to blade rotation is that the flow is not uniform along the span,
with incoming velocity strongly increasing from root to tip, and its chord varying
from root to tip. To better describe these spanwise-varying conditions, it is desired to
divide the blade into short segments or strips. If the span-wise turbulence correlation
length [, is smaller than the segment span, we can assume that calculated far field
power spectrum density of SPL between segments are uncorrelated. As a result,
the overall noise radiated by the blade is the logarithmic sum of the contributions
from all blade segments. Here, [, is modeled by Corcos model, that suggests the
correlation length decreases with increasing frequency:

bl

byfw) = 22, (33)

where b, is a constant determined by experiment: 2.1 according to Amiet [41],
1.6 — 1.7 depending on the inflow velocity for Brooks and Hodgson [71], and 1.47
following Rozenberg et al. [67]. Similarly, various values of the convection velocity
U, have been proposed: U, = 0.8U according to Amiet [41], or U, = 0.7U following
Rozenberg et al. [67]. DTU studies [83, 84| suggest a variation of U, with frequency:
U, = 0.7U for frequencies up to 1000 Hz, then decreases to U, = 0.4U at 2kH z,
and remains constant at higher frequencies. In this work, we choose b, = 1.47 and
U.=0.7U.

Besides the span-wise correlation length [, limitation on the segment length,
there is also another requirement to meet, that is the large aspect ratio assumption
in Amiet’s model. Roger and Moreau [61] suggest that for an airfoil with aspect
ratio greater than 3, the simplified formulations can be used without losing accuracy.
Thus we keep a constant aspect ratio of 3, and the blade is accordingly divided into 8
segments, as shown in Figure 3.9. To calculate the largest correlation length, which
corresponds to the shortest blade span, we assume a wind velocity U = 10m/s, a
rotor speed of 2rad/s, and a lower frequency limit of 50 Hz. According to Corcos
model, the ratio of correlation length to span is shown in Figure 3.10. We can see
that along the blade, the ratio is less than 1, it is to say, when dividing blade this
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way, the criteria of span-wise correlation length being less than span is fulfilled. Thus
in the following calculations, each blade will be treated as 8 uncorrelated segments,
and the total SPL will be calculated as the logarithm summation of 8 x 3 segments.

Figure 3.9: Blade division while keeping a constant aspect ratio of 3.
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Figure 3.10: Ratio between span-wise correlation length and the span along a blade.

Coordinate transfer

In Amiet’s model, the coordinate is based on the plate (source coordinate). For a
wind turbine blade, each segment has a different orientation and physical position
due to blade twist, blade extension and blade pitch, etc (see the right figure in
Figure 3.9). Thus it is necessary to transfer the observer coordinate to the source
coordinate, that is, calculate observer position with respect to each segment (source).
To do this, we first need to know how the orientation of the segments are modified
due to various angles (see Figure 3.11).

e Wing angle 3: the angle between vertical axis and the blade axis;
o Blade twist 04,i5¢ and pitch 0.4 the angle between chordline and rotor plane.

The process is illustrated in Figure 3.11. We start with the ground coordinates,
where the origin is at wind turbine hub, x is cross-wind direction, y is vertical
direction, z is wind direction. In this coordinate system, the receiver location is
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Figure 3.11: IHllustration of relative angle during coordinate transfer.

OR = (Zoy Yoy 20), With O is the center of the rotor, R the receiver position. Now
to transfer the ground coordinates to the one based on blade position (3, see Fig-
ure 3.11 (a), we rotate the ground coordinates about the z-axis by an angle m — f3.
The transfer matrix is:
—cosfB sinf 0
My = |—sinf —cosf 0
0 0 1

Twist and pitch angles vary with segment along a blade, because each segment
encounters a different rotating velocity, thus adjusting twist and pitch angles ensure
a desired AoA at leading edge. This coordinate transfer is to make sure the system
has the same coordinate as Amiet’s model requires (x-axis along chord and y-axis
along span). Thus, we need to rotate the (zps1,2a71) plane around yps; axis by an
angle of Owist + Opitch, see Figure 3.11 (b). The transfer matrix is:

Cos(etwist + gpitch) 0 — Sin(etwist + epitch)
My = 0 1 0
Sin(etwist + epitch) 0 COS(Htwist + 6’pitch)

After these transformations, the receiver is in the local segment system, that is
to say, in a system where the origin is in the hub, x 9 is in local flow direction, yaso
is in span-wise direction and zpso is the normal to the airfoil surface. The last step
is a coordinate translation by a value of d,, = OS,,, n = 1..8 to the local segment,
that is, to move the origin of the xyzjso system from the hub to the local segment
center. Thus the observer coordinate in the final system is:

T To 0
) :MQ'Ml Yo | + d
z Zo 0
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We neglected the angle between the wind direction and rotor axis (yaw angle)
and the angle between the blade and the rotor plane (cone angle), because we don’t
have precise information about these angles.

3.3.3 Atmospheric turbulence and wind shear modeling

Monin-Obukhov Similarity Theory (MOST) is used to study the influence of atmo-
spheric turbulence and wind shear on wind turbine noise. This theory applies to
the atmospheric surface layer, where surface fluxes are relatively constant, and is
valid over a flat and homogeneous ground [85, 86, 87|. The main parameters of the
model are the friction velocity u, and the sensible heat flux H, or equivalently the
temperature scale T. u, is defined as:

e = [(w'w)? + ()], (3.9)

where «/, v' and w’ are the three turbulence velocity components. The root-mean-
square of turbulence velocity fluctuation o, and turbulence outer length scale Lyyer
can be calculated with given H and u, for a certain height according to Cheinet |87].

The stability of the atmosphere is then described by the Obukhov length L,
given by [85, 87]: B
_ponTUi’

L, = Tui/(/ﬁgT*) = rgH )

(3.10)
with T the potential temperature, s = 0.41 the von Karmén constant, g the gravity
acceleration, and C), the specific heat of dry air. For ordinary calculations, a value
of C, = 1.0kJ/Kg- K is enough. The atmosphere is unstable when L, < 0 (H > 0)
and stable when L, > 0 (H < 0). When the shear production of turbulence is much
larger than the buoyant production, the atmosphere is called neutral and 1/L, =~ 0
(H =~ 0).

The mean velocity profile as a function of height z can then be obtained using
similarity relations [35, 85]:

U(z) = 2 [ln <Z> - wu] , (3.11)

K 20

where zg is the surface roughness length and the functions %, depend on the
stability of the atmosphere. In neutral conditions, ¢, = 0 and the classical
logarithmic profile is obtained. These velocity profiles are sometimes called
Businger-Dyer profiles, here we use a slightly modified version of these profiles
given in Reference [35]. Using MOST, it is also possible to predict turbulence
parameters that vary with height to represent the inhomogeneity of the atmospheric
boundary layers. The von Kéarman spectrum of Equation (2.69) is still used, but
with height-dependent standard deviation of turbulent velocity fluctuations o,, and
integral length scale A.
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Case 1: U(80m) =6m/s
H(W/m?) | us(m/s) | Li.(m)

-10 0.29 235
0 0.37 Inf
40 0.42 -168

Case 2: U(80m) =8m/s
H(W/m?) | us(m/s) | L.(m)

-25 0.38 200
-10 0.46 905

0 0.49 Inf
40 0.53 -348
200 0.58 -92

Table 3.3: Atmospheric parameters derived from MOST for hub height mean veloc-
ity corresponding to cases 1 and 2.

Since detailed parameters concerning the atmospheric conditions during the
wind turbine noise measurements are not mentioned in Reference [18], we choose
realistic parameters found in the literature. The heat flux H typically varies over
the range —50 W/m? to 600 W/m? during a diurnal cycle [85]. Following Ostashev
and Wilson [88], we select a value of 200 W/m? for mostly sunny conditions, and
40 W /m? for mostly cloudy conditions. For stable conditions, typically occurring
at night, values of —10W/m? and —25W/m? are chosen for H. Then we deduce
the friction velocity from Equation (3.11) so that the mean velocity at hub height
is 6m/s for case 1 or 8m/s for case 2. The results are summarized in Table 3.3.
Results for H = —25W/m? and 200 W/m? are not shown for case 1 because
they yield |Li| < 50m, and it is generally admitted that MOST is only valid for
|z/L.| <1—2[86]. Let us note that for H = 200 W/m? and U(80m) = 8m/s, the
validity of MOST might be questionable for the highest part of the rotor.

The different possible wind profiles are plotted in Figure 3.12 for cases 1 and
2. The wind shear is clearly stronger in stable conditions compared to neutral
or unstable conditions. For case 2, the wind speed increases from 6.2 to 9.5m/s
between the bottom and top parts of the rotor for H = —25 W /m?, while it remains
close to 8m/s for unstable conditions. The turbulence parameters o, and A are
plotted for case 2 in Figure 3.13. Using expressions given by Cheinet [87], oy is
independent of height in neutral and unstable conditions, while it increases with
height in stable conditions. The integral length scale always increases with height,
but in a much quicker way in stable atmospheres. The turbulence level given by
von Karman spectrum will thus be a combination of these two effects, as this level
increases with increasing o, bu decreases with increasing A.
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Figure 3.12: Mean wind profiles U(z) for the atmospheric conditions described in
Table 3.3. The minimum and maximum rotor heights are shown using black dashed

lines.
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Figure 3.13: (a) Standard deviation of turbulent velocity fluctuations o, and (b)
integral length scale A for a reference velocity of U(80m) = 8 m/s. The minimum
and maximum rotor heights are shown using black dashed lines.
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3.4 Results and discussions

Amiet’s models for turbulent inflow noise and trailing edge noise are applied to a
2.3MW Siemens 2.3-93 wind turbine. Predictions are explained in detail in this
section. Comparisons with measurements from Reference [18] for a constant wind
profile and no turbulence are given in Section 3.4.1; only trailing edge noise is
included in that case. It is followed by the prediction results with atmospheric
conditions obtained by MOST theory for turbulent inflow noise and trailing edge
noise in Section 3.4.2. At the end, in Section 3.4.3, Amiet’s model is compared with
BPM semi-empirical model, and the influence of separation noise is emphasized.

3.4.1 Results for a constant wind speed and no atmospheric tur-
bulence

3.4.1.1 Third octave band power spectra and comparison with experi-
ments

Assuming free field conditions, the sound power level SW L is calculated by SW L =
SPL+10log,,(4mR?), with R the distance from the rotor to the observer. The SWL
predictions are compared to the measurements in figures 3.14 and 3.15 for the two
cases described in Table 3.1. The observer is located on the ground 100 m downwind,
and the spectra are azimuthally averaged as given by Equation (3.7). Using the
APG model on the suction side, the predictions agree well at high frequencies,
above 200 Hz for case 1 and 1000 Hz for case 2. For both cases, trailing edge noise is
dominated by the suction side contribution at lower frequencies, and by the pressure
side contribution at higher frequencies. Using the ZPG model on the suction side,
the predictions are up to 10 dB lower compared to the APG model predictions, and
are lower than measurements over the whole frequency range. At low frequencies,
both model predictions underestimate the measurements, which can be attributed
to the fact that other noise mechanisms dominate at low frequency.

3.4.1.2 Directivity and amplitude modulation of sound pressure level

The horizontal directivity of overall SPL is plotted in figure 3.16(a) for cases 1 and 2.
The maximum levels are obtained upwind and downwind, while the minimum levels
are found crosswind, which is in agreement with field measurements close to a wind
turbine [3]. This shape can be explained by the directivity of trailing edge noise,
coming from the assumption of dipole distribution in Amiet’s. This directivity is
determined by the orientation of the blade.

Amplitude modulation (here it refers to the normal amplitude modulation) is
caused by the the noise source directivity on the rotating blades, and has a frequency
of 1/3 the blade rotating frequency for a 3-bladed wind turbine. Subtracting the
mean SPL from the SPL at blade azimuthal position [, we can visualize AM in
Figure 3.17 for observers in downwind and crosswind direction. The AM is almost
identical for cases 1 and 2. The variations are small in the downwind direction, and
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Figure 3.14: Third octave band spectra of sound power level for case 1 (U = 6m/s)
considering APG or ZPG models of trailing edge noise.
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Figure 3.15: Third octave band spectra of sound power level for case 2 (U = 8m/s)
considering APG or ZPG models of trailing edge noise.



3.4. Results and discussions 67

270

(a) Directivity of overall SPL.

90 10
120 8 60
15 4':‘,:-1 B __30
180 —U=6m’s|
£\ — J=8m/s
210 . ¥ A3
240 5 300
270

(b) Directivity of amplitude modulation strength.

Figure 3.16: Directivity of (a) overall SPL and (b) amplitude modulation strength.
The black line indicates the rotor plane when looking from above, and the wind is
coming from the left.
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much more important in the crosswind observers. We define the AM strength as
the difference between minimum and maximum values of SPL over blade azimuthal
position 8. The AM strength is approximately 4dB(A) crosswind and less than
0.3dB(A) downwind. Figure 3.16(b) shows the directivity of AM strength for cases 1
and 2. Large values of AM strength, of up to 10dB(A), are found in the vicinity of
the crosswind directions, where the minimum overall SPL values are found according
to Figure 3.16(a). These predictions are in good qualitative agreement with field
measurements |3|.

150 200 250 300 350

Blade position B (°)

0 50 100

Figure 3.17: Amplitude modulation in the downwind (dashed lines) and cross-wind
(solid lines) directions for cases 1 and 2. The observer is 100 m away from the wind
turbine, and AM is obtained by subtracting the mean SPL from SPL(J).

3.4.2 Results with wind shear and atmospheric turbulence
3.4.2.1 Effect of wind shear on wind turbine trailing edge noise

The noise radiated by a wind turbine depends on wind profile (wind speed, wind
shear), mostly because an increase in wind speed causes an increase of the AoA seen
by a blade segment. As an example, the variation of AoA over the rotor plane due to
wind shear is plotted in Figure 3.18 for case 2 with H = —25W/m?. The maximum
AoA variation over one rotation is approximately +1.5° for the tip segment. As a
result, the turbulent boundary layer parameters vary with blade azimuthal position
B. For instance, Figure 3.19 shows the variation of the displacement thickness J}
on the suction side for the different wind profiles corresponding to case 2. The
boundary layer thickness of the tip segment decreases from g = 0, where the blade
is pointing up to S = 180°, where the blade is pointing down. This decrease is
most significant for the stable atmosphere with H = —25 W /m?. These changes in
boundary layer parameters cause a significant change in the wall pressure spectra
plotted in Figure 3.20 as a function of 3. The spectral peak shifts to higher
frequency when the blade goes from top to down positions, corresponding to a
decrease of AoA from 5.2° to 2.5°. These spectral variations due to wind shear are
in good agreement with surface pressure measurements performed in the framework
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Figure 3.18: AoA variation in degrees due to wind shear for U(80m) = 8 m/s and
H = —-25W/m?.
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Figure 3.19: Variation of displacement thickness ; on the suction side as a function
of blade azimuthal position 3 for the tip segment for case 2. The thick dashed line
corresponds to the reference value with a constant wind profile.
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of the DANAERO project for a similar size wind turbine [17], plotted in Figure 3.21.

This significant effect of wind shear on the emission side is much less pronounced
on the receiver side, as can be seen in the sound power level spectra of Figure 3.22
calculated at a receiver 100m downwind. On the suction side, a SW L increase
is observed at high frequencies, of approximately 1dB(A) at 2kHz and 3dB(A)
at 4kHz. However, this increase is not observed on the pressure side, and since
pressure side levels dominate above 2 kHz the maximum increase due to wind shear
is only 0.4dB(A) at 2kHz on the total TEN spectrum.

The fact that level variations due to wind shear are less pronounced on the
receiver side (Figure 3.22) compared to the emission side (Figure 3.20) may be
explained by the fact that the 3 blades and all the blade segments are considered
to calculate the azimuthally-averaged spectra of Figure 3.22, thus variations due to
wind shear tend to be averaged out. We must keep in mind that stronger wind
shear than those predicted by MOST usually exist in reality, because in practice the
terrain might not be flat and homogeneous (topography effects), and because other
sources of inhomogeneities such as large-scale turbulence or wakes of other turbines
might be present [89, 90, 17].

3.4.2.2 Effect of atmospheric turbulence on wind turbine turbulent in-
flow noise

Amiet’s model for turbulent inflow noise directly depends on the turbulence spec-
trum Py, as seen in Equation (2.67). It is modeled using a von Karman spectrum
with turbulence parameters o, and A depending on height or equivalently on the
blade azimuthal position 3. Figure 3.23 shows how the turbulence spectrum varies
with 8 for the tip segment at 100 Hz. The maximum spectral levels are found for
the unstable atmosphere with H = 200 W /m? during the whole rotation, which can
be explained by the relatively high value of o, and low value of the turbulent length
scale A for this case, as seen in Figure 3.13. The same trends are observed for other
frequencies.

Figure 3.24 shows the azimuthally-averaged SW L spectra calculated at a receiver
100m downwind associated with the same atmospheric conditions. As it could be
foreseen from Figure 3.23, the maximum levels are obtained for H = 200 W/m? and
the minimum levels for H = 0 and H = 40 W/m?. The differences are significant,
with up to 2dB(A) of difference between the various atmospheric conditions. Let
us note that the leading edge thickness correction presented in Section 2.2.2 has a
negligible effect on the final results. Indeed, integral length scales A are much larger
than the blade chord ¢, thus A/c in Equation 2.70 is large and SPLp is small, with
a maximum reduction of 0.3 dB obtained for the root segment. Again, as already
mentioned previously for trailing edge noise, we must keep in mind that stronger
turbulent variations than those predicted by MOST may exist in reality, especially
when a wind turbine happens to be in the wake of another turbine [17, 90].
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Figure 3.20: Variation of wall pressure spectra ®,, on the suction side for dif-
ferent blade azimuthal position § for the tip segment, considering case 2 with
H = —25W/m?.
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Figure 3.21: Narrow band spectra in dB (1/12th octave) of surface pressure binned
on angle of attack measured during DANAERO project. Taken from Madsen [17].
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Figure 3.22: Third octave band spectrum of SW L for TEN on pressure and suction
side for case 2 with no wind shear (constant wind speed) and with H = —25 W /m?.
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Figure 3.23: Variations of turbulence spectrum ®,,,, as a function of blade azimuthal
position (8 for the tip segment at 100 Hz and for the various atmospheric conditions
corresponding to case 2.
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Figure 3.24: Third octave band spectrum of SW L for turbulent inflow noise and for
the various atmospheric conditions corresponding to case 2.

3.4.2.3 Combined effect on overall sound power level

The total SWL spectra including both trailing edge noise and turbulent inflow
noise are compared to measurements of Reference [18] in Figures 3.25 and 3.26
for cases 1 and 2. We consider here a neutral atmosphere (H = 0), which means
the turbulent inflow noise levels are relatively low according to Figure 3.24. It
appears that turbulent inflow noise is dominant at low frequencies, up to 300 to
500 Hz, while trailing edge noise is dominant at higher frequencies. The agreement
between predictions and measurements is now quite satisfactory along the whole
frequency band. For case 1, let us note that predictions slightly overestimate the
measurements at low frequency, which might indicate that the turbulent inflow
noise needs some improvements at these frequencies and/or that the atmospheric
turbulence parameters are not well modeled. For case 2, the experimental spectral
peak around 400 Hz is not captured by the model, which may be due to some other
noise sources such as separation/stall noise.

The horizontal directivities of overall SPL and of AM strength are plotted in
Figure 3.27 and Figure 3.28 for a neutral atmosphere (H = 0) and for case 2
(U(80m) = 8m/s). Results are given for trailing edge noise only, turbulent inflow
noise only and for the total noise. It appears that the maxima of overall SPL for
the 3 curves are found upwind and downwind, and the minima are found crosswind
(90° + 29 and 270° £ 2°). As already seen in Section 3.4.1, the AM strength is
smaller than 1dB in the upwind and downwind directions, and is maximum close
to the crosswind direction, at slightly different directions for the three curves. The
AM strength reaches a maximum of 10dB a little upwind for trailing edge noise, of
9dB a little downwind for turbulent inflow noise, and of only 4 dB exactly crosswind
for the total noise.
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Figure 3.25: Third octave band spectrum of SW L for trailing edge noise and tur-
bulent inflow noise for case 1 and H = 0 (neutral atmosphere).
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Figure 3.26: Third octave band spectrum of SW L for trailing edge noise and tur-
bulent inflow noise for case 2 and H = 0 (neutral atmosphere).
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Figure 3.27: Directivity of overall SPL by a receiver at 100 m away from the wind
turbine for case 2 with H = 0 (neutral atmosphere) when looking from above, the
wind is coming from the left.
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Figure 3.28: Directivity of amplitude modulation by a receiver at 100 m away from
the wind turbine for case 2 with H = 0 (neutral atmosphere) when looking from
above, and the wind is coming from the left.
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To explain these differences, let us look first at the directivity of a tip segment in
the coordinate system of the blade, as shown in Figure 3.29. The blade is pointing
upwards, and the observer is at 100 m away in the downwind direction. Amiet’s
model predicts that trailing edge noise radiation is maximum towards the leading
edge of the blade, while turbulent inflow noise radiation is maximum towards the
trailing edge. The normalized directivity are frequency-dependent, with more lobes
appearing with increasing frequency. Note that in the low frequency limit a simple
dipole shape is retrieved. This directivity pattern, as well as the twisting of the
blade schematically represented in Figure 3.9, do explain that the directions where
the minima are found are slightly different for the two noise mechanisms.

——Trailing edge
—— Leading edge

s 0 05 1 15 2

Figure 3.29: Normalized directivity of TE and TT for the tip segment of the blade
who is pointing up. Solid lines: f = 500 H z; dashed lines: f = 4000 H z.

To better understand the directivity of AM strength, it is also useful to look
at the variation of SPL as a function of blade azimuthal position § shown in Fig-
ure 3.30 for directions 270° and 278°. At 270°, exactly crosswind, trailing edge noise
and turbulent inflow noise variations are in phase and their levels are comparable,
which explains that the total noise follows the same trend with similar AM for the
three curves. At 278, slightly downwind, the situation is quite different with both
mechanisms having out of phase variations and turbulent inflow noise levels being
close to their minimum values. As a result, the total noise mostly follows the trailing
edge noise variations and its AM strength is only 3dB(A), much smaller than the
9dB(A) obtained for turbulent inflow noise.

3.4.3 Comparisons with semi-empirical BPM model

A currently widely used semi-empirical model by Brooks et al. [1] (BPM model)
is also used to predict the trailing edge noise and separation noise for the same
model WT, and for these two cases. In the BPM model, the only input param-
eters are AoA, and the displacement thickness §* on both suction and pressure sides.
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Figure 3.30: Amplitude modulation for trailing edge noise, turbulent inflow noise
and for the overall noise at an horizontal angle of 270° (top) and of 278° (bottom)
with respect to the wind direction, for case 2 and H = 0.

First, Amiet’s predictions are compared with the ones by BPM model using
the boundary layer parameters calculated with XFOIL for the same NACA 63-415
airfoil. Default AoA is 4° for all cases, and pitch angle is assumed to be zero.
From Figure 3.31, we can see for both cases that the separation noise (SN) is not
negligible even though the AoA is small. The separation noise peak appears at
around 500 — 600 Hz. With consideration of SN, for case 1, the total SPL (TEN +
SN) is a little higher than the measurements; while for case 2, the total SPL is still
lower than the measurements, but the results are closer. If we compare the TEN
calculated by Amiet’s and BPM model, we can see that BPM model underestimate
the results more at low frequencies, while at high frequencies, both models give
similar results.

In Leloudas’ report, the pitch angle is set as 3° and —2¢ for cases 1 and 2
respectively, which corresponds to an AoA of 1° for case 1 and 6° for case 2 in our
calculations. In Figure 2.16 of Chapter 2, we saw that according to BPM model,
separation noise might become dominant for AoA greater than 5°. Therefore, we
launch the BPM model again, by considering the separation noise and trailing
edge noise with pitch effect; the results are shown in Figure 3.32. We can see that
for case 2, the separation noise predicted by BPM model has now a peak close to
400-500 Hz. The sum of trailing edge noise and separation noise agrees well with
the measurements higher than 200 Hz for AoA — 6°. On the other hand, for case 1,
since the pitch angle leads to a smaller AoA, the separation noise is less likely to
be visible in the measured spectrum.

Second, comparisons are for total SWL (trailing edge noise + turbulent in-
flow noise) between our results by Amiet’s model (in blue) and predictions by
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Figure 3.31: SWL predicted by Amiet’s model for trailing edge noise, and by semi-
empirical model for trailing edge noise and separation noise. Observer is located at
100 m downwind direction.
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Figure 3.32: Third octave band spectrum of SWL predicted by semi-empirical model
for trailing edge noise and separation noise. Solid lines: with pitch effect; dashed
lines: with default AoA of 4%; symbols: measurements from [18]|. Observer is located

at 100 m downwind direction.
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Leloudas [18] with BPM model (in red), as shown in Figure 3.33, for cases 1 and 2 re-
spectively. Note that the AoA and airfoil type are not given explicitly by Leloudas,
thus his boundary layer parameters are likely to be different from ours. We can
observe similar results as in Figure 3.32 for case 2 that BPM model could capture
the spectral peak at around 400Hz due to separation noise. Thus Leloudas’ results
agree better with measurements than ours for case 2. However, for case 1, our
predictions are in better agreement with the measurements for the whole spectrum
expect below 100 Hz. Figure 3.34 shows the comparisons for trailing edge noise and
turbulent inflow noise separately for case 1. The results are quite different between
the two models. In Leloudas’ results, turbulent inflow noise is modeled with a mod-
ified Amiet’s model by Lowson [91]. This model is formed with a high frequency
range expression and a low frequency range expression. There are discrepancies
between the turbulent inflow noise calculations by Lowson’s modified model and
Amiet’s original model predictions. This may also be due to the different atmo-
spheric turbulence parameters used, for example, turbulence intensity, turbulence
integral length scale, since those values are not given in Leloudas’ report.
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measurements from [18].
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Figure 3.34: Third octave band spectrum of SWL for trailing edge noise and tur-
bulent inflow noise. Blue lines: our predictions using Amiet’s model; red lines:
Leloudas calculations using BPM model.

3.5 Conclusions

Amiet’s model for trailing edge noise and turbulent inflow noise are applied on a
full size 2.3 MW wind turbine. We took into account rotation and Doppler effects
using Schlinker and Amiet approach, and showed it is valid for the frequency range
of interest. First validations are performed with simple cases where the wind speed
is constant and no turbulent inflow noise is considered. Model predictions are
compared to results from the literature for a 93 m-diameter 2.3 MW wind turbine.
The sound power level predictions are in good agreement with measurements at
high frequencies when the APG model is used, but underestimate them at low
frequencies. The predictions of directivity and amplitude modulation are also in
agreement with results from the literature for an observer close to a wind turbine,
with maximum SPL and minimum AM strength downwind and upwind, while
minimum SPL and maximum AM strength are found in crosswind directions.

Then we took into account wind shear and turbulence effects using the
Monin-Obukhov similarity theory that is valid in the atmospheric surface layer
over flat and homogeneous ground. On the one hand, we showed that wind shear
causes variations of angle of attack that are largest in stable conditions (typically
at night). Although the angle of attack variations due to wind shear produce a
significant change in the wall pressure spectra at some blade segments, the increase
in the trailing edge noise spectra at the far field receiver is almost negligible. On the
other hand, turbulent inflow noise does vary significantly depending on atmospheric
conditions. When both mechanisms are considered, SWL spectra are in much
better agreement with measurements, with turbulent inflow noise dominating at
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low frequency (below 400 Hz approximately). Directivities of overall SPL and AM
are similar for both mechanisms and for the total noise, with an AM strength that
reaches at most 4dB(A) for the total noise, compared to up to 10dB(A) for each
mechanism considered individually.

Finally Amiet’s model is compared with the semi-empirical BPM model for the
constant wind speed cases. The semi-empirical model is able to predict separation
noise. For case 2 (U, = 8m/s), when we consider the pitch angle configuration,
the AoA increases which in turn leads to an increase of separation noise. This
explains the measured spectral peak at around 400 Hz for case 2, and brings BPM
results (both with our own boundary layer parameters and Leloudas’ parameters)
closer to the measurements. However for casel (U, = 6m/s), since the pitch
angle configuration led to a decrease of AoA, there is no spectral peak observed
in the measurement. In this case, our predictions are in better agreement with
measurements than the BPM results. Thus we can suggest that Amiet’s models
are good candidates for wind turbine noise prediction, except that the separation
noise is missing.

Several perspectives can be mentioned to improve the source model. It would be
important to model separation/stall noise, that occurs when the AoA reaches large
values. Recent studies have shown that this noise mechanism is a good candidate for
explaining the enhanced amplitude modulation observed in the field [89]. Also, the
effects of stronger wind shear and larger turbulence fluctuations could be studied,
which would require to consider field measurements or theoretical tools that are
more advanced than MOST.
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4.1 Introduction

The noise generated from the source is characterized by the noise emission level,
while the noise received by an observer or a microphone is called noise immission
level. These two quantities may be different in terms of magnitude and spectrum
properties. These differences appear during the noise propagation. Wind turbine
noise propagation in the atmosphere is influenced by many factors, such as refrac-
tion by vertical sound speed gradients, scattering by turbulence, reflection by the
terrain (shape, impedance, etc) and atmospheric absorption. Prediction of sound
propagation in the atmosphere can be a really challenging problem considering all
these factors. In this chapter, we will focus mainly on the effect of ground reflection,
atmospheric refraction and absorption, as well as the influence of these factors
on the noise immission level. Also, we will check the validity of the point source
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approximation that is commonly used in wind turbine noise immission models.

In Section 4.2, we present two propagation models that will be used in this
chapter: an analytical model for sound propagation over an impedance ground and
a parabolic equation method that takes into account the inhomogeneity of the at-
mosphere. The coupling between the source model and the parabolic equation code
is not straightforward; it is detailed and validated in Section 4.3. Finally, in Sec-
tion 4.4 the influence of ground reflection and meteorological effects is discussed and
the validity of point source approximation is assessed.

4.2 Review of existing models

4.2.1 Analytical model for sound propagation over an impedance
ground

Image source model

Like a light beam, a sound wave will be reflected when it encounters a ground.
The total immission level is then the sum of a direct wave and a reflected wave,
as shown in Figure 4.1. The image source model computes the total noise level
by considering the sum of the two wave contributions. The main advantage of
this model is that it is fast and simple to implement. On the other hand, the
shortcomings are: it considers a specular reflection only (flat terrain); the variation
of wind shear thus the effective vertical sound speed cannot be included.

Height (z)
A
z 1 Receiver
Zg ==
Ground
>
r
-zs T tad
Image
Source

Figure 4.1: Hlustration of the image source model with direct and reflected paths.

If we write the complex pressure amplitude at a receiver as [92, 35]:
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b= S (exp(ide) N Qexp(ikRT)) ’ (4.1)

Ry R,

with S the amplitude of the complex pressure p., then it can be shown that the
relative sound pressure level AL has the form [35]:

2
=10 loglo

2
L @)

AL = 10logy, | L& 1+ QB p(ikR, — ikRy)
PFF R

r

where R4 and R, are the distances of the direct and reflected path respectively, @ is
the spherical-wave reflection coefficient, and pprp = Sexp(ikRy)/ Ry is the free-field
pressure. () is defined as [35]:

kR, o gk exp(ik~\/12 + (2, + 25 +1q)?)
— 20— exp(—-—=)
Z exp(ikR;) Jo Z V12 + (2 + 25 +iq)?

Q=1

dg,  (4.3)

with Z the normalized ground impedance, and z, and z; the receiver and source
heights respectively. In practice, if we have R, > z, + z5, then Equation (4.3) can
be simplified as |92, 35|

Q@=Rp+ (1- RP)F(d)v (4.4)

where R, is the plane-wave reflection coefficient given by:

_ Zcos(#) — 1

R, = 25V 7 2
P Zcos(f) + 17

(4.5)

0 is the reflection angle as shown in Figure 4.1, and F'(d) is the boundary loss factor
given by:
F(d) = 1+ idy/T exp(—d?) erfc(—id), (4.6)

with d the numerical distance defined as:

d— ikf’“ (; + cos(9)> . 47)

Approximating spherical wave reflection coefficient @) using Equation (4.4) is
validated in Figure 4.2. The source height is 80 m, observer height is 2m, and the
propagation distance is 500m, thus R, = 500m > z, + z; = 80m. Ground is
grassland with o, = 200kPa-s-m~2. The relative SPL calculated by Equation (4.3)
and (4.4) are almost identical.

() depends on the normalized ground impedance Z. There exists many models
for estimating ground impedance Z [93, 94, 95|. In this study, we will use an em-
pirical model proposed by Delany and Bazley [93] that considers a single parameter
O, the effective flow resistivity. For a rigid ground, there is no energy lost when
the sound wave is reflected, thus o, is infinite, while for a typical grassland, o,
has a value of 200kPa - s - m~2. Spherical-wave reflection coefficient @ varies with
frequency, this means the reflected wave can be a reinforcement or a subtraction
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Figure 4.2: Validation of spherical wave reflection coefficient approximation. Source
height is 80 m, observer height is 2m, and the propagation distance is 500 m.

to the direct wave at the receiver depending on the acoustic wavelength and the
distance of Ry and R,. When the direct and reflected wave are out of phase, an
interference dip is present in the spectrum.

Examples of AL for a receiver located at 2m height, 1000m away from the
source are shown in Figure 4.3. In (a), 3 source heights are considered for a typical
grassland ground. We can see that the number of interference dips increases with
source height. In (b), the source height is fixed at 80 m, and grounds with various
o are compared which also has an influence on the interference dips.

Atmospheric absorption model

Atmospheric absorption is due to the dissipative process during the wave propaga-
tion. Energy loss leads to a decrease of the amplitude of the wave. The strength of
absorption depends on frequency, temperature and the humidity of the atmosphere.
If we include a small imaginary term k; in the wave number k, the complex acoustic

pressure becomes:
eikr

Pa =S e kir, (4.8)

r
The factor exp(—k;r) represents the exponential decrease of the amplitude with
distance r [35]. If we use expression k. = k + ik; to replace k in Equation (4.1), we
have:

¢t*Ra . o—kiRa ¢kBr . o—kiRr
T
If we assume R, ~ Ry, then the decreasing component e*ifid ~ kiftr e have:
. ¢tk Ra etk R .
po = 7S [ R, +Q R ] = e~ Hiap,, (4.10)
T
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Figure 4.3: Examples of narrowband spectrum of relative sound pressure level AL
for (a) various source-observer locations and for (b) various ground types using the
Delany-Bazley model.

Expressed in dB scale, we have [35]:

SPL = SWL —10log;y(47R%) — aRy + AL, (4.11)

where SWL — 10logo(47R?) corresponds to the SPL in the free field, and « is
called the atmospheric absorption coefficient (in dB/m). It can be estimated by the
International Standard ISO 9613-1:1993 with the information of temperature and
air humidity [35]. Atmospheric absorption is more pronounced at high frequency
range, and for longer source-receiver distance. An example of absorption coefficient
as a function of frequency is shown in Figure 4.4, with temperature of 20 C'° and
air humidity of 80 %. Note that we do not include the absorption due to clouds.
Baudoin et al. [96] showed that the cloud absorption can be several orders of
magnitude greater than standard absorption.

4.2.2 Parabolic equation method for sound propagation in an in-
homogeneous atmosphere

4.2.2.1 Parabolic approximation of the Helmholtz equation

We start with 2D Helmholtz equation reduced from the 3D equation by axial sym-
metry assumption [35, 97]:

0? 0

where g. = pe/x links the quantity ¢. and the complex pressure p.. z is along
the propagation direction, and z along the vertical direction. The wavenumber k is
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Figure 4.4: Atmospheric absorption coefficient « for temperature of 20 C° and air

humidity of 80 %.

allowed to vary with z to account for sound speed vertical gradients. We sometimes
write k% = k2n? [98], where n = cy/c(2) is the index of refraction and k, is a
reference value of k, or a value at the ground surface [35, 97|. If we define the

operator H, as:

0 2
HC — (822 + k; > 5
then Equation (4.12) becomes:
a . g .
%-f—z\/Hc %—z\/Hc ge = 0.
Here we consider only the outgoing wave, thus:

0 . .
(8:5 — z\/HC> q. = 0.

1 [ 0? 9

a

We define

thus

2
\/Hc:k:a\/1 (6+k2> —14+1=k,Vs+1.

k2 \ 022

Substituting it into Equation (4.15), we have:

04 ikaV'1 4+ sqe.

89321

We seek solutions of g, in the form:

ge(z, z) = Y(x, z) exp(ikqz),

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)



4.2. Review of existing models 91

In expression (4.19), the exponential term represents a plane wave oscillation, which
varies much faster than 1 (x, z). Substituting expression (4.19) into Equation (4.18)

Y

we obtain: o
ap =~ ka (V1+s—1)4. (4.20)
If we approximate the square-root operator by the 1st order Taylor expansion:

V1i+s~1+s/2, (4.21)

we have:
a1 i [62

oz~ 2V = 5 | a2

Equation (4.22) is called the narrow-angle parabolic equation, because it is accurate

+ (k% — kg)] Y. (4.22)

only at small elevation angles (about 10°). A more accurate expression is proposed
by Gilbert and White [99] using a Padé (1,1) approximation:

(4.23)

With this approximation, a corresponding wide-angle parabolic equation (WAPE)
is written as:

1.0y 1
U395 =2

This expression is now valid up to an elevation angle of 30 — 40° [98].

ikqst). (4.24)

Absorbing layer

source

Az

Ground surface Ax X

Figure 4.5: Hlustration of calculation domain for PE method. Horizontal spacing
is Az and vertical spacing is Az. Ground surface is at z = 0, and propagation
direction is along x.

4.2.2.2 Numerical solution

A calculation domain is illustrated in Figure 4.5. Narrow-angle and wide-angle
parabolic equations can be solved numerically by approximating the partial differ-
ential terms 9v/dz and 0% /0z% with appropriate numerical schemes [99]. We can
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re-write the narrow-angle parabolic equation (4.22) as:

oY 0?1
with o, = 1/2i/k, and B, = 1/2i(k® — k2)/ks. If the 2nd order differential term
0?1 /02 is approximated by central differential formula as [99]:

(5271/)) _ i — 295 + i
02275 (Az)? ’

(4.26)

where z; = jAz represents the vertical grid with the grid index j —1,7,j + 1 etc.
Then the Equation (4.25) can be written in matrix form as:

— —

Li= T+ D), (427)

with 1) is the vertical grid vector, T' and D are matrix given in [99]. The integration
of Equation (4.27) from z to  + Az in the propagation direction gives:

. . z+Ax .
3@ + Az) — §(z) = (VT + D) / 7 dz. (4.28)

The Crank Nicholson approximation is now used to replace the integral in Equa-
tion (4.28) by [¢(z + Ax) + ¢(x)]Az/2. Thus Equation (4.28) becomes:

My + Ax) = Myi(e), (4.29)
where M, and M, are given as [99]
M, = 1+ %Am(’yT + D)
My, = 1- %AmT + D). (4.30)

For wide-angle parabolic equation (4.24), a similar form as expression (4.29) can be
found [99], with:

1 YI'+ D
M, = 14 =-Az(rvT+D
a +2 x(yT + D) + Sk
1 T+D
My = 1—2Ae(vT+D)+ 12 (4.31)
2 ik,

This method is called the Crank-Nicholson PE (CNPE) method. It is 2nd order
accurate and implicit since a tridiagonal matrix needs to be inverted at each step.
If higher elevation angles are needed in the calculation, it is possible to use the
Split-step Padé method of order n, introduced by Collins [100] and detailed by
Dragna [98]. In the rest of this Chapter, only the wide-angle parabolic equation
will be considered. It will simply be referred to as PE.
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4.2.2.3 Boundary conditions on the ground and on the top

On the ground surface, the boundary condition is:

Ope .
aipz|z:O + Zkach =0, (432)

where B = 1/Z with Z the normalized impedance. The same relationship holds for

1) too, thus we have g—f at horizontal step nAx written as:

g—f|220(nAx) +ikoByY(nAz) =0, n=1,2,3... (4.33)

A second order approximation for ¢ is preferable for wide-angle parabolic equa-
tion. A fictious point ¢g(nAzx) at z = —Az is introduced for a 2nd order centered
scheme. The expression is given in [98] as:

Y2 — %o |
————— + kB = 4.34
QAZ +1 a ¢1 07 ( 3 )
which gives the value of t¢g. This modifies the first line of matrix given in

Equation (4.31).

For the upper limit of the grid, an artificial absorbing layer is applied to avoid
the back reflection of the sound waves. The way to add this layer is to damp the
wave number k£ by adding an imaginary term. There is no unique form for this
imaginary term [99]. In this study, we use the expression given in the form:

1 2 — Zq 2

with C, a coefficient determined empirically, z, the starting height of the absorbing

exp

layer and 2,4, the maximum height of the calculation domain.

4.2.2.4 Starting fields
Analytical starters

The parabolic equation at step xj41 is solved with the known values of ¢(z;). Thus
initial values of 1(zp) that represent a monopole source are required. However, the
exact expression for monopole source is not suitable because:

1. it diverges at the source;

2. it radiates energy at large elevation angles (angles between the horizontal
direction and the wave propagation direction) that are outside the range where
the PE method is accurate [35].
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Thus a spatial Gauss function is used for the starting field for narrow-angle parabolic
equation [101, 99]:

1
q:(0,2) = ik, exp(—ikgzg). (4.36)

As for the wide-angle parabolic equation, a higher order starting field is preferred.
The expression is given in [35] as:

2.2
kiz

qc(0,2) = \Vikq (Ao + Agk‘gZQ) exp(— 3

), (4.37)

with Ag = 1.3717, Ay = —0.3701.

Numerical starters

Another way to find the starting field is called the back-propagation method, first
proposed by Collins and Westwood [102]. The idea is (see Figure 4.6)

1. to calculate the analytical starter (initial starter) at a certain distance from
the source for a homogeneous atmosphere using Amiet’s source model;

2. back-propagate the starter by PE method till the source to obtain the 'source-
starter’; (Note that it requires some modification of signs for using the PE
method in a backwards propagation direction)

3. to forward propagate the ’source-starter’ using classic PE method for an in-
homogeneous atmosphere. This method can be used when the source is not a
monopole (more complex directivity).

It is needed to note that during back-propagation, the ground is always chosen
as rigid, to maintain a stable calculation. To validate this approach, the relative
sound pressure level AL for a monopole source is calculated with the 2nd order
analytical starter given by Equation (4.37) and with the back-propagation method.
It is compared to the analytical solution given by Equation 4.2 in Figures 4.7 to 4.10
in the vertical and horizontal directions, and for rigid and impedance grounds. For
the back-propagation case, the initial starter is set 100m away from the source
using the analytical solution of Equation 4.2. In the vertical direction, we can
see that the two starters give relatively close results compared to the analytical
solution until around 200 m height. In the horizontal direction, after about 150 m
propagation distance, the back-propagation method gives slightly better results, but
the two starters remain in good agreement with the analytical solution. The back-
propagation method remains accurate with an impedance ground even though a
rigid ground is used during the back-propagation phase.



4.3. Coupling of wind turbine source model with parabolic equation
code 95

Back-propagation
z of initial starter .

e
y

Propagation from
source (wind turbine)

source starter Initial starter by

by back-propagation Amiet model from
a single segment
of a blade

Figure 4.6: Illustration of the back-propagation method to obtain the initial starter
due to a single segment of a blade (in red).

4.3 Coupling of wind turbine source model with
parabolic equation code

4.3.1 Coupling procedure

We studied two ways to couple the Amiet’s source model to the PE code. The
first one is to calculate the starting field from the whole wind turbine at geometric
near field (typically 100m), then propagate it to the far field (see Figure 4.11
(a)). This way is rather fast to do, since we need to perform only one PE
calculation per frequency. However this method leads to errors because it assumes
phase correlations between segments, which is in contradiction with the model
presented in Chapter 3. The 2nd way is to use the back-propagation technique
explained before for each segment of each blade (see Figure 4.11 (b)). One PE
calculation is performed for each segment individually, then all contributions are
summed up at the receiver location. This makes the complete calculation quite
computationally intensive. Also, each PE calculation is performed in a slightly
different two-dimensional plane, thus it is strictly exact only at the chosen observer
location.

To couple the PE method to Amiet’s source model, it is essential to find the
starting field. For the specific application of wind turbine noise propagation, we
intend to use results of S, from Amiet’s model to deduce the starter field g.. It is
possible to obtain the magnitude of this 2D variable ¢. as:

Ge = peV/T = \/Spp - V. (4.38)
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Figure 4.7: Relative sound pressure level for a monopole source calculated with
different starting fields and compared to the analytical solution. Source height is
(a) 2m, (b) 80 m. Receiver is 300 m away from the source. Frequency is 340 Hz, and

ground is rigid.
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Figure 4.8: Relative sound pressure level for a monopole source calculated with
different starting fields and compared to the analytical solution. Source height is
80 1m, receiver height is 2m. Frequency is 340 Hz, and ground is rigid.
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Figure 4.9: Relative sound pressure level for a monopole source calculated with
different starting fields and compared to the analytical solution. Source height is
(a) 2m, (b) 80 m. Receiver is 300 m away from the source. Frequency is 340 Hz, and

a grass ground is considered with o, = 200kPa - sm™2.
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Figure 4.10: Relative sound pressure level for a monopole source calculated with
different starting fields and compared to the analytical solution. Source height is
80m, receiver heigth is 2m. Frequency is 340 Hz, and a grass ground is considered
with o, = 200kPa - sm™2.
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Figure 4.11: Illustration of the two methods considered for the coupling between
source and propagation models.

Third octave band cen- | 100 | 125 | 160 | 200 | 250 | 315 | 400
tral frequency (Hz)
Number of narrow band 1 1 1 2 2 3 4
calculations
Third octave band cen- | 500 | 630 | 800 | 1000 | 1250 | 1600 | 2000
tral frequency (Hz)
Number of narrow band | 4 4 5 5 5 6 6
calculations

Table 4.1: Number of narrowband calculations per third octave band.

We assume the sources along the blades are uncorrelated, however, we need to
account for the geometric phase differences due to the differences of each segment-
receiver distance Rg-. To recover this phase information, we introduce a correction
term by multiplying the 2D complex starting field g. by e€**%st~. Then the corrected
g. with the phase information for each segment is back-propagated to the wind tur-
bine. Finally all the sources are propagated forward using classical PE method to an
observer, and the received total SPL is simply the sum of all the contributions. We
must emphasize that since for each segment, the propagation distance and direction
are different, this method is strictly valid only at one receiver location. However, we
will show in the following that it remains accurate over a large range of distances.

In the following sections, all the PE calculations are done for 49 frequencies
(see Table 4.1) in order to obtain the 1/3 octave band spectrum between 100 Hz
and 2000 Hz. The size of the domain is 1000m along x and 500m along z, with
Az = Az ~ \/10.

4.3.2 Validations against analytical propagation model for a ho-
mogeneous atmosphere

The PE method coupled with Amiet’s model is validated with analytical model in
this section. The back-propagation distance is set as 100 m for all cases. Validations
are first done for 3 tip segments under homogeneous atmospheric condition for rigid



4.3. Coupling of wind turbine source model with parabolic equation
code 99

and impedance grounds respectively, and then for the whole wind turbine with
rigid ground.

4.3.2.1 Validations with 3 tip segments against analytical model
Homogeneous atmosphere with rigid ground

In this part, the validation is done considering only 3 tip segments, with blade
parameter S = 0°, meaning one blade is pointing upwards. Ground is rigid (o, =
o0). In Figure 4.12, the narrow band spectra are compared for an observer at
(a) 2m and (b) 10m height. In both cases, the propagation distances are 1000 m
from the wind turbine in the downwind direction. The PE results capture well the
interference dips for the whole frequency range considered, although the magnitude
is less than the analytical solution due to numerical errors. Small over-predictions
can also be observed for certain frequencies, but they remain low (1 - 2dB).
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(a) Observer at 2m height. (b) Observer at 10 m height.

Figure 4.12: Narrow band spectra comparisons between analytical solution and PE
results for observers located 1000m away in the downwind direction, at (a) 2m
height and (b) 10m height. Blade position parameter 5 = 0°.

Figures 4.13 and 4.14 show the overall SPL (OASPL) as a function of receiver
height and of propagation distance respectively. For both directions, there are
about 1dB overestimation by PE results. In the horizontal direction, results for
observers at two different heights are shown. When the propagation distance
is larger than the back-propagation distance, the predicted OASPL follows the
analytical results with an overestimation less than 1dB. Figure 4.14 shows that PE
results are valid for a large range of distances between 200 m and 1000 m.
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Figure 4.13: Overall SPL as a function of height. Observer is 1000m away in the
downwind direction. Blade position parameter 8 = 0°.
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Figure 4.14: Overall SPL as a function of propagation distance (in the downwind di-
rection) for a height of (a) 2m height and (b) 10 m height. Blade position parameter

8= 0°.
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Figure 4.15: Comparison of overall SPL as a function of height for an impedance
ground with o, = 200kPasm~2 between analytical solution and PE results. Ob-
server is 1000 m away in the downwind direction. Blade position parameter 5 = 0°.

Homogeneous atmosphere with an impedance ground

Validations with an impedance ground are shown in this section considering again
3 tip segments and blade position 8 = 0°. The ground type is grassland with
0e = 200 kPa-sm~2. Figure 4.15 shows the OASPL predicted by the analytical and
PE models as a function of the receiver height at a propagation distance R = 1000 m.
The error between the two models is around 0.5-1dB. In Figure 4.16, OASPL is
plotted against propagation distance for an observer at 2m height. It is clearly seen
that when the propagation distance increases, the errors between analytical results
and PE results decrease. The narrowband spectra plotted in Figure 4.17 explain
this trend and show that even at 200m and 500 m, PE predictions remain quite
accurate.
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Figure 4.16: Comparison of overall SPL as a function of propagation distance for an
impedance ground with o, = 200kPasm~? between analytical solution and PE re-
sults. Observer is at 2m height in the downwind direction. Blade position parameter

B = 0.

4.3.2.2 Validations for the whole wind turbine over a rigid ground
Noise radiation along a blade

Field measurements show that most of wind turbine noise is generated near the
tip part of a blade [3]. This is because near the root region, the relative velocity
met by the blade is very small. When doing the propagation calculations, each
source is propagated separately in order to maintain the phase information. This
makes the whole calculation very heavy on a PC. One calculation over the whole
frequency range takes about 3 hours. Thus the calculation with all 24 segments for
a complete blade rotation (10 blade positions) along one propagation direction will
take approximately 720 hours (30 days). In order to reduce the calculation time,
the contribution of each segment to the total SPL is studied using the analytical
model. The results are shown in Figure 4.18. We can see that the results with only
the last 5 segments are really close to the full results (with 0.1-0.2dB difference).
Thus all the results shown below are calculated with the 5 outer segments only.

Figure 4.19 shows the comparisons of narrow band spectrum for a receiver
located 1000 m away downwind, at (a) 2m height and (b) 10m height. When the
observer is at 2m height, a maximum overestimation of 1dB is observed in the low
frequency range (between 100 Hz to 800 Hz), while for an observer at 10 m height,
the agreement is quite satisfying over the whole frequency range considered.

Figure 4.20 shows the OASPL calculated with analytical and PE models as a
function of height. As in Figure 4.13 using the 3 tip segments, an overestimation of
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Figure 4.17: Narrowband spectrum comparisons between analytical results and PE
results, for an observer at 2m height, and for propagation distances of (a) 200m,
(b) 500 m and (c¢) 1000 m.
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Figure 4.18: Analytical results of OASPL from different segments contributions.
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Figure 4.19: Narrow band spectra comparisons between analytical solution and PE

results for observers located in 1000 m away in the downwind direction, at (a) 2m
height and (b) 10 m height. Only the 5 outer segments of each blade are considered
and the ground is rigid. Blade position parameter 8 = 0°.
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Figure 4.20: Overall SPL as a function of height. Observer is 1000 m away in the
downwind direction. Only the 5 outer segments of each blade are considered and
the ground is rigid. Blade position parameter g = 0°.

1dB is observed for all heights. In Figure 4.21, the OASPL is plotted as a function
of propagation distance for two observer heights. The overestimation at 1000 m for
the two observer heights is smaller than 1 dB. This is in agreement with the spectra
plotted in Figure 4.19.

4.4 Results and discussions

4.4.1 Effect of ground reflection and atmospheric absorption

As explained before, sound wave is reflected when impeaching a ground surface.
The immission level measured at a receiver is different than that measured in free
field due to the influence of the reflected wave contribution. In this section, effects
of ground reflection and atmospheric absorption on the SPL spectrum, amplitude
modulation and the directivity are studied using the analytical model with a
uniform wind profile of 8 m/s. Since a uniform wind profile is used, only trailing
edge noise is considered. Receiver is located at 1.5m height above ground for all
distances, air temperature is set at 20°C' and the humidity at 80%.

Figure 4.22 shows the results of SPL spectrum for 4 receivers located at different
distances in the downwind direction with consideration of ground reflection only
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Figure 4.21: Overall SPL as a function of propagation distance (in the downwind
direction) for a height of (a) 2m height and (b) 10m height. Only the 5 outer
segments of each blade are considered and the ground is rigid. Blade position
parameter 5 = 0°.

(solid line), and the ground reflection and atmospheric absorption (dashed line).
A typical grass ground with o, = 200kPa - s - m~2 is assumed. The results are
the sum of all the segment contributions, thus the interference dips are much less
pronounced as for only one segment in Figure 4.3. However, it is still clear that
these less pronounced interference dips are shifted from around 80 Hz for R = 100m
to 300 Hz for R = 1000 m. This shift is due to the fact that when the observer is
further, the length difference between the direct wave path and reflected wave path
is smaller, thus the destructive interference occurs at a smaller wavelength, meaning
higher wave frequency. The dashed lines show that the atmospheric absorption is
more pronounced at higher frequency and at a longer propagation distance.

Figure 4.23 shows the OASPL as a function propagation distance, considering
(a) only ground reflection, (b) only atmospheric absorption, (c¢) the two effects.
Ground reflection increases the overall SPL for all distances, due to the reflected
wave contributions, while atmospheric absorption has a monotonic decreasing
effect on the overall SPL. Combining the effects, when the observer is close to the
wind turbine, ground reflection plays the main role, and the immission level is
higher than in the free field; while when the observer is far from the wind turbine,
immission level is lower than in the free field because the atmospheric absorption
is dominant.

Figure 4.24 shows that a more rigid ground (with higher o, value) leads to a
lower overall SPL at R — 1000 m, which seems at first counter intuitive. To explain
this phenomenon, we plot the third octave band spectrum for the same o, values
at R = 1000m in Figure 4.25, and corresponding relative sound pressure level for
a point source at 80m height is already shown Figure 4.3(b). We can see clearly
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Figure 4.22: 1/3 octave band SPL spectrum for receivers located in downwind di-
rection at different distances. Wind speed is 8 m/s. Solid lines: results with ground
reflection only; dashed lines: results with ground reflection and atmospheric absorp-
tion.

that for a more rigid ground, the first interference dip occurs at higher frequency,
which tends to reduce the total SPL. more significantly when summing up all the
frequency bands.

Figures 4.26- 4.27 show the effect of ground reflection and atmospheric absorp-
tion on the directivities of SPL and amplitude modulation strength. Observer is at
1000 m away from the wind turbine. In agreement with the results of Figure 4.24, at
this distance in the downwind direction, the overall SPL with ground reflection and
atmospheric absorption is around 5dB lower than that of free field. For other ob-
server directions, the similar reduction on the overall SPL due to ground reflection
and atmosphere absorption are also observed. On the other hand, for amplitude
modulation, the ground reflection and atmospheric absorption play no significant
role for all directions .

The amplitude modulation strength for 7 = 0°,45°,90°, and 105° as a function
of source-receiver distance is shown in Figure 4.28. It is seen that when sound is
propagating along downwind directions (0° and 45°), the strength of amplitude
modulation increases with increasing distance but remains lower than 1dB; while
in the crosswind directions (90° and 105°), the strength tends to decrease with
increasing distance.

To gain a little more understanding on the increase of amplitude modulation
strength when considering ground reflection and atmospheric absorption, a spec-
trum of amplitude modulation strength is plotted in Figure 4.29 for a receiver at
1000 m in the crosswind direction. It shows large frequency variations when ground
reflection and atmospheric absorption are taken into account, while for a free field,
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Figure 4.23: Overall SPL considering different effects. Observer is at 1.5m height.
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Figure 4.27: Directivity of amplitude modulation strength for free field and for a
grassland with consideration of ground reflection and atmosphere absorption. Ob-

server distance is 1000 from the wind turbine. . = 200kPa - s - m~2.

the spectrum is quite smooth. If we focus on the third octave band 2000 Hz, by
looking at the spectra of the blade positions that produce maximum and minimum
SPL in Figure 4.30, the cause of the 10 dB amplitude modulation peak is seen to
be the ground interference dip at this frequency. It is necessary to notice that for
different frequencies, the blade positions for maximum and minimum SPL are not
necessarily the same, thus the overall amplitude modulation strength is not simply
the logarithm summation of the spectrum in Figure 4.29.

4.4.2 Meteorological effects on sound propagation in far field

In this part, we consider the propagation under inhomogeneous atmosphere
conditions. Wind shear and atmospheric turbulence are considered in the source
models as explained in Chapter 3, and only refraction effects due to wind shear
are included in the propagation model. Atmospheric absorption is neglected
here, although it could be included as in the analytical model. The wind profile
with reference velocity U = 8m/s and heat flux H = —25W/m? are chosen
for the calculations. The effective wind speed profile is used for PE calculation:
ceff(2) = c(2)+U(z)-cos T, with ¢(z) the sound speed, U(z) the vertical wind profile
and 7 the ground azimuthal angle. Note that we ignore the temperature variation,
thus ¢(z) = ¢g. The effect of vertical temperature gradients was seen to be small in
the PE calculations of Cotté et al. [103]. Grass ground with o, = 200kPa - sm~? is
assumed. The initial starter calculated by Amiet’s model is set at 100 m away from
the wind turbine. Both trailing edge noise and turbulent inflow noise are considered.
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Figure 4.30: Spectra of two blade positions where the maximum and the minimum
SPL level are observed for the third octave centered at f = 2000 Hz. Blade rotates
clockwise. Observer is at 1000 m crosswind direction. Upper left: blade position
when the maximum SPL is produced; lower left: blade position when the minimum
SPL is produced.

We first plot in Figure 4.31 the color map in downwind, crosswind and upwind
directions. Note that in the crosswind direction the atmosphere is homogeneous
(cos7 = 0). Remember also that in this direction, the SWL is smaller than in
downwind and upwind directions as shown in Figures 3.16 (a) and 3.27 in Chapter
3. In the upwind direction, when the propagation distance is larger than around
700 m, a shadow zone is clearly seen. The height of the shadow zone increases along
with propagation distance.

We then look at the narrowband and the third octave band spectrum shown
in Figures 4.32 and 4.33. The results are averaged over one complete blade
rotation. The observer is at 500 and 1000m away from the wind turbine, at
2m height, in downwind, crosswind and upwind directions. We note that the
first interference dip shifts a little along with the propagation angle. The peak
frequency is not the same for the 3 spectra. In the upwind direction, when the
observer is at 1000m away from the wind turbine, the spectral level is really
small compared to the other two; this is due to the fact that the observer is in
the acoustic shadow zone, formed by the refraction of sound waves during the
propagation. On the other hand, the observer at 500 m is not in the acoustic shadow
zone, and the highest spectral levels are found in the upwind direction above 500 Hz.

Figure 4.34 shows the OASPL as a function of height for receivers at 1000 m
distance in different directions. Really close to the ground, in the upwind direction,
the received SPL is the lowest, due to the shadow zone effect. Along with the increase
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Figure 4.31: Color maps of the overall SPL (dBA) in the propagation domain in
downwind, crosswind and upwind directions respectively.
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Figure 4.32: Narrowband SPL spectra averaged over blade position 3 in downwind,
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Figure 4.33: Third octave band SPL spectra averaged over blade position [ in
downwind, crosswind and upwind directions.

of height, the SPL in the upwind direction increases while remaining around 1 dB
less than that in the downwind direction till around 35m height. In the crosswind
direction, the SPL is around 4-6 dB lower than in the other directions. This is in
agreement with the SPL directivity plot shown in Chapter 3. Figure 4.35 shows the
OASPL as a function of propagation distance for a receiver at 2m height and 10m
height. In general, in all 3 directions, the SPL decreases with increasing distance.
A more rapid decrease is observed in the upwind direction for an observer height
of 2m when the distance is greater than 800 m due to the shadow zone effect. The
presence of the shadow zone is less evident at a height of 10m. The SPL in the
crosswind direction is always the lowest, except when the receiver enters the shadow
zone for a height of 2m.
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Figure 4.34: Overall SPL (averaged over blade position ) as a function of height
for an observer located 1000 m away in downwind, crosswind and upwind directions.
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Figure 4.35: Overall SPL (averaged over blade position ) as a function of observer
distance in downwind, crosswind and upwind directions. (a) Observer height is 2m;
(b) observer height is 10 m.

4.4.3 Point source approximation

Wind turbine noise is an extended noise source, given the fact that the rotor diameter
can be as large as 100 meters. But if the source-receiver distance is much larger than
the rotor diameter, wind turbine noise may be modeled by a point source, and the
calculation is greatly simplified. The validity of the point source approximation
is studied in this section by using analytical propagation model and PE method
respectively. The point source calculation is performed as:

1. Calculate the free field sound pressure level SPL g of the whole wind turbine;

2. Deduce SWL by SWL = SPLpp + 10log 10(47r'"?) with ' the reference dis-
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tance between the rotor and the observer;

3. Calculate the immission SPL level at far field as: SPLy, = SWL —
10log 10(47r?) + AL — ar, with 7 the distance between the rotor and the
far field observer. The relative SPL. AL is calculated by analytical propaga-
tion model and PE method respectively.

4.4.3.1 Point source approximation by analytical model

We consider here the analytical model, so only ground reflection and atmospheric
absorption are included. The reference temperature is 20°C, and air humidity is
80%. Observer height is 2m for all calculations in this section and Section 4.4.3.2.
The narrow band spectra of SPL for extended source and point source calculations
are compared in Figure 4.36 for various source-receiver distance in the downwind
direction. This figure shows that there are many interference dips using a point
source, while the extended source spectrum is quite smooth, as already noticed
by Heutschi [10]. This is because the geometrical positions of the source and
receiver are unique for a point source, while for the extended source, the distance
between receiver and each segment are different. Thus the interference dips for each
source (segment)-receiver distance occur at different frequencies when using the
extended source, as previously shown in figure 4(a). As a result, the overall SPL is
smoothed out by the compensations when summing up all the frequencies. At a
larger distance, for example R = 1000 m, the 2 spectra almost overlap for frequency
less than 1kHz, and the first interference dips appear at the same frequency.
This is because when the receiver is far, the distance differences between source
(segment)-receiver are small, so even for an extended source, the first interference
dip occurs at almost the same frequency. However at higher frequencies, there are
still some interference dips in the point source spectrum that are not observed for
the extended source. Similar results are observed for other directions.

The overall SPL and the strength of AM are plotted with respect to propaga-
tion distance in Figures 4.37 and 4.38 considering an extended source and a point
source. The AM for a point source is obtained considering that SPLpp (and thus
SW L) depends on the blade position 5. We can see in Figure 4.37 that there are
no significant discrepancies even at short propagation distance. Thus the point
source approximation is good simplification for overall immission level prediction.
However, Figure 4.38 shows that the point source calculations overestimate the am-
plitude modulation strength in all the tested ground azimuthal directions. Close to
crosswind direction, for 7 = 90° and 105°, the increases are significant.

4.4.3.2 Point source approximation by PE method

Point source approximation is now examined using PE method, thus the atmo-
spheric refraction is taken into account. Atmospheric absorption is also taken into
account in this stage, to be in consistent with Section 4.4.3.1. The wind profile is
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Figure 4.38: Amplitude modulation strength for extended source and point source
calculations at different observer directions.

2 is assumed. The

the same as in Section 4.4.2. Grassland with o, = 200kPasm™
spectra for observers at 200 m, 500 m and 1000 m away from the wind turbine in the
downwind and upwind directions are shown in Figure 4.39. In all cases the observer
height is fixed at 2m. As seen in the previous section for homogeneous conditions,
the point source spectra contain large interference dips, while the extended source
spectra are quite smooth. What is different is that in the upwind direction, point
source and extended source calculations do not converge anymore at long distances
when atmospheric refraction is considered. In (f), both spectra decrease fast at
high frequencies because of the shadow zone effect, but for extended source, this
effect is averaged over all the segments. Therefore the decrease is less rapid than in

the point source case.

Figure 4.40 shows the OASPL as a function of propagation distance in the down-
wind and upwind directions, for point source and the extended source calculations.
In the downwind direction, the point source approximation results are higher than
the extended source calculations for distances greater than 300m. At a distance
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absorption are taken into account.

of 1000m, this overestimation is around 3 dB. However, in the upwind direction,

the point source results strongly underestimate the levels in the shadow zone for

distances greater than 700 m approximately. This underestimation reaches almost
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10dB at 1000m. The shadow zone effect in the upwind direction is clear seen again
in Figure 4.41. This big discrepancy in the shadow zone region is due to the fact
that for extended source calculation, the relative positions between each segment
and the unique observer are different, thus the interference dips appear in the spec-
tra at different frequencies, which compensate the OASPL.
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Figure 4.40: OASPL with respect to observer distance in (a) downwind direction, (b)
crosswind direction. Observer height is 2m. Atmospheric refraction and absorption
are taken into account.

Thus we can conclude that the point source approximation for wind turbine noise
calculation is not accurate when vertical wind shear (which leads to atmospheric re-
fraction) is considered. However, we only considered one wind speed profile that
corresponds to stable atmospheric conditions in this section. The point source ap-
proximation might give better accuracy in unstable and neutral conditions during
which wind shear is less pronounced.

4.5 Conclusions

In this chapter, Amiet’s theory is coupled with different propagation models to
study the noise immission level in the far field. First, an analytical model for the
acoustic radiation of a monopole source over an impedance ground is presented.
The effect of atmospheric absorption is also included. Second, a parabolic equation
code that takes into account refraction effects is considered. A back-propagation
method is used to obtain the starting field for the PE calculation. The coupling
method is validated in a homogeneous atmosphere over a rigid ground and an
impedance ground against the analytical results. The agreements are generally
good both for the noise spectra and the overall sound pressure levels for all the
validation cases, with an average overestimation of 1 dB for the overall levels in
both vertical and horizontal directions.
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Figure 4.41: Color map of AL in the calculation domain for (a) downwind and
(b) upwind direction with point source assumption. Atmospheric refraction and
absorption are taken into account.

Using the analytical model, we showed that the immission level is reduced
at large distance mainly due to atmospheric absorption. Ground reflection
modifies the shape of the noise spectrum. The amplitude modulation strength is
increased when considering a grassland with atmospheric absorption. When an
inhomogeneous atmosphere is considered in the PE calculations (with U = 8m/s
and H = —25W/m?), the atmospheric refraction effect can be seen clearly in the
upwind direction as a shadow zone forms close to the ground surface.

The point source assumption for wind turbine noise is studied at the end of the
chapter. Using the analytical propagation model, the assumption is valid for pre-
dicting the overall immission level, but it overestimates the amplitude modulation
strength, and cannot account for the frequency dependence of ground effects. If we
consider the atmospheric refraction due to wind shear, the point source approxima-
tion is no longer valid for the overall immission level. The spectra for point source
and extended source calculations are different even at long distances.






CHAPTER 5

Conclusions and perspectives

This PhD work aims at proposing a prediction model for wind turbine noise, based
on a better understanding of the different noise source mechanisms and atmospheric
propagation phenomena. The main achievements are the adaptation of Amiet’s
analytical model to a full size wind turbine with rotating blades, as well as the cou-
pling of the source models to a parabolic equation propagation code, which makes
possible the prediction of noise immission level at far field in a refractive atmosphere.

First, Amiet’s models for turbulent inflow noise and trailing edge noise are
studied and presented in details. For turbulent inflow noise model, an empirical
thickness correction proposed by Roger & Moreau is introduced in order to
take into account the influence of airfoil thickness. However, prediction results
show that under real atmospheric turbulence conditions, this correction has
little effect since the turbulence integral length scale in the atmosphere is much
larger than the thickness of the turbine blade. For trailing edge noise, the key
parameter to model is the wall pressure fluctuation spectrum. A model for an
adverse pressure gradient flow is used instead of the original model suggested
by Amiet. This new model by Rozenberg et al. is based on a scaling method
with empirical corrections. The validations against measurements show a great
improvement compared to earlier models that consider a zero pressure gradient flow.

Amiet’s source models are then applied on a 2.3MW wind turbine. We took into
account the rotation effects using Schlinker and Amiet approach, and showed this
approach is valid in the frequency range of interest for wind turbine noise. First,
SPL level predictions of trailing edge noise are compared against measurements
for a constant wind profile. The agreement is good at high frequencies, but the
predictions are too small at low frequencies. Second, this underestimation is
corrected when turbulent inflow noise is also taken into account by considering
vertical wind shear and atmospheric turbulence using Monin-Obukhov similarity
theory. Wind shear causes large variations of AoA at blade leading edge, which
significantly modifies the wall pressure spectra. However, it does not significantly
change the total SPL spectrum at the receiver. On the other hand, the atmospheric
turbulence has an important influence on the turbulent inflow noise. Features of
directivity and amplitude modulation are also captured by the model. Finally,
predictions by Amiet’s models are compared with BPM semi-empirical model. The
latter is able to predict separation noise. BPM predictions including separation
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noise are in better agreement with measurements than Amiet’s predictions for one
test case, but overestimate the measured levels for the other test case.

The Amiet’s models are finally coupled with an analytical propagation model
and a numerical model based on the parabolic approximation. The analytical
propagation considers the effect of ground reflection and atmospheric absorption.
The ground effect modifies the shape of the spectrum, while the atmospheric
absorption greatly reduces the noise level. With parabolic equation method,
atmospheric refraction due to vertical wind shear is included. Shadow zone
effect is clearly seen in the upwind direction, while in the downwind direc-
tion, a reinforcement on the noise level is also observed. The point source
assumption is studied at the end. Results show that this approximation must
be used with care in a refractive atmosphere. The overall sound pressure levels
can be off by several decibels even at relatively long distances from the wind turbine.

Some perspectives can be mentioned:

e Besides turbulent inflow noise and trailing edge noise, separation/stall noise is
also an important wind turbine noise source. The physical mechanism is still
not well understood. On the one hand, there are few wind tunnel measure-
ments of stall noise; on the other hand, the circumstances under which stall
occurs in a wind farm need to be studied. It is of interest to perform wind
tunnel measurements with a rotating airfoil, to study the dynamic stall and
measure the associated noise. The goal would be to propose a more realistic
model than BPM’s semi-empirical model for separation noise that is based
on static measurements. We have performed preliminary dynamic stall mea-
surements in a return wind tunnel at ENSTA as explained in Appendix C.
Also, direct noise simulations of this phenomenon could be performed using
Code_ Safari, developed at EDF R&D [60].

e A time domain formulation proposed by Farassat is another approach to study
wind turbine noise. It has been applied by some research groups [27]. It will
enable us to predict AM at the receiver, and at the same time to make sound
synthesis possible.

e In this thesis, only a limited number of atmospheric conditions have been
tested based on MOST. It will be interesting to study more realistic weather
conditions, for instance using data from SIRTA, a meteorological observatory
located not far from ENSTA. At SIRTA, temperature, wind speed & direction,
atmospheric turbulence are measured using equipments such as anemometer,
wind lidar throughout the year. Although it might not be the same conditions
as in real wind farms, we could have access to more extreme atmospheric
conditions than those predicted by MOST.

e Wind turbine noise prediction is subjected to the variation of atmospheric
conditions, such as wind speed, wind direction, temperature variations, etc. It
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would be interesting to study the variability of the noise level due to the change
of atmospheric conditions, as this may help developers to better design a wind
farm. A preliminary study using a Monte-Carlo approach has been presented
at the last wind turbine noise conference [104].

Parabolic equation method for sound propagation can include more informa-
tion, such as terrain shape, turbulence scattering [56]. The linearized Euler
equation method is also able to calculate the sound propagation. Parabolic
equation method includes the wind shear indirectly using the effective sound
speed approximation, while the linearized Euler equation method can directly
integrate the wind shear in the calculations.






APPENDIX A

Second order correction term and
sub-critical gusts for Amiet’s
model

In this appendix, airfoil transfer functions for the second order correction term due
to the finite chord are given for trailing edge noise and turbulent inflow noise. The
expressions for sub-critical gusts are also given in the following.

A.1 Second order correction term for trailing edge noise

As explained in Chapter 2, the chord of a real airfoil is not semi-infinite for the
leading edge, thus the boundary condition as in Eq. (2.12) is no longer fulfilled for
x < —2b (or T < —2). A correction term on induced pressure for z < —2b is given
by Roger and Moreau [45]:

(1 + ’L.)€_4ik 1-— @2 ei(Mﬁik)j
2ym(1/x = DKe /K. /x + M+ &

.{z‘[I_(chMu— R{F(2))° + (8{];;‘”)}” (A1)

PQ (X, O)

with

@:\/m7 {(F@)} = 51— (1 +)E 2Rz +2)]),  (A2)

and {—}¢ stands for that the term inside the brackets has to be corrected by a
factor e = (1 + ﬁ)_l/?

The corresponding airfoil transfer function for the trailing edge noise 2nd order
correction term is:

Ly~ H{[e" (1~ (1+i)E*(4R))] — *P +i[D+ K.+ M —R|G}, (A.3)
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If we take into account this second order term, the airfoil transfer function used in
Equation (2.35) and (2.66) should be replaced by .2 = .2} + %.

A.2 Airfoil transfer function for sub-critical gusts of
trailing edge noise

The sub-critical gusts (k? < 0) are essentially evanescent under the infinite span
assumption. However, they will contribute to the radiated sound field due to the
finite span. The main term and the leading edge back-scattering term of induced
pressure fluctuation for sub-critical gusts are detailed by Roger and Moreau [45] as:

P{(x,0) = —e /X1 — @°[(—i{K,/x + M — ir'}z) %)}, (A.6)
1+ 1— 07 o
P, x,0) =~ . _ i(Mmu—ik!)zT
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/ —_

with

=2 @/: I?I—FM[:L—Z/%/
’ K.+ Mp —ir'"’
®°(Viz) = Vae™E « (x), F'(z) = 1 — erfe(\/2/ (z + 2)),
where erfc(x) is the complementary complex error function.

Roger and Moreau |45] gave the expressions for the corresponding airfoil transfer
function with sub-critical gusts as:
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0
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These expressions are used to obtain the results in Section 2.1.3.

A.3 Second order correction term for turbulent inflow
noise

As for the trailing edge noise, a 2nd order correction term of induced pressure
fluctuation at trailing edge can be introduced in order to fulfill the Kutta condition.
The expression is given by Rozenberg [73]:

powolU o [(M2 % —H):E—ﬂ/4+wt—Kyy] {
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(A.12)
and the corresponding airfoil transfer function for the turbulent inflow noise 2nd
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correction term is:
ei@g

O/ 27T(K1 + BQI_Q){

+(1—1i) [E*(zm) -

e

Lo (T, Ky, K)o i(1 — e 20n)

2£
O3
with ©1 = R—ﬂxl/S’o, Oy :,L_L(M—J,‘l/So) —7T/4 and O3 :R+ﬂ$1/50.

e~1261 E*(2@3)] b (A13)

A.4 Airfoil transfer function for turbulent inflow noise
with sub-critical gusts

For sub-critical gusts, airfoil transfer functions for the 1st order and 2nd order
induced pressure fluctuation term are written as [73, 74]:
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with @/1 =Kk — fx1/So, O3 = ik + ax1/So.



APPENDIX B

Monin-Obukhov similarity theory

B.1 Main parameters of Monin-Obukhov similarity the-
ory

Monin-Obukhov similarity theory (MOST) describes mean and turbulent parts of
wind speed and temperature in the surface layer as a function of the dimensionless
height parameter Ljso [105]. The main assumptions and limitations are [87]:

o MOST applies in the atmospheric surface layer, in which surface fluxes are rel-
atively constant: this layer can be 200 m thick under unstable conditions, but
may be considerably thinner under very stable conditions (highly intermittent
turbulence);

e the surface must be flat and homogeneous: fetch effects, mountainous or
coastal environments are not described;

e wind turning with heights and low-levels inversions (changes in the signs of
the gradients) are not accounted for;

e MOST is valid in an ensemble-average sense.
The Monin-Obukhov length scale Ly is defined as |87, 35]:

Ou?
kg(w'6)s
where 6 is the mean part of the temperature potential, u, is the friction velocity
defined by the 3 components of turbulent velocity fluctuation v/, v, w’ as:

1/2
uf = (u’w’)s2 + (v’w’)s2 , (B.2)

k is the von Kéarman constant, g is the gravity acceleration, and finally w6’ is the
vertical kinematic heat flux, with the subscription ’s’ standing for the value evaluated
on the ground. The heat flux w'# is also a measure of atmospheric stability, thus
L]T/IlO can be seen as an index of atmospheric stability. The atmosphere is called
stable if LX/}O > (; unstable is L]T/}O < 0 and neutral if LJT/}O ~ 0. In practice,
MOST is consider valid for —2 < z/Lj;o < 1 [106]. One can also express Lyo as
a function of the sensible heat flux H = poCpw'T" as:

_ pOCpéui
kgH
with C), the dry air heat capacity, and usually C, = 1004J/Kg/K.

Lyo = (B.3)
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Typical values

e Cheinet [87] states that heat flux H = 200 — 600 W/m? on fair-weather days
and —100 W/m? on clear nigths;

o Ostashev et al. [88] suggest that for summer weather at midlatitudes, H is
between —50 W/m? and 600 W/m?. More specifically, for mostly sunny day,
H =200 W/m? and for cloudy day, H = 40 W/m?.
B.2 Businger-Dyer profiles

The similarity relations yield the following dimensionless wind speed and tempera-
ture derivatives [107, 106]:

Kz du Kz do

- e = e B.4
¢w Uy dZ’ ¢t Uy dz ( )
Then the Businer-Dyer relations are given as [35]:
b = (1-— 16Z/LM0)_1/4 for LJT410 < 0 (unstable atmosphere),
b (14+5z/Lyo) for LJT/Ilo >0 (neutral and stable atmosphere),
(B.5)
and
b = (1-— 162:/LMO)71/2 for L,/o <0 (unstable atmosphere),
;=
(1+5z/Layo) for Lyj, >0 (neutral and stable atmosphere),
(B.6)

By integrating equations (B.4) from height zo to an arbitrary height z, using equa-
tions (B.5) and (B.6), the mean wind speed and temperature profiles can be ob-
tained:

Us z
i) = 2 m (2) — | B.
a2 =" [ () -] (B.72)
_ 0. z
0(z) =00+ — [ln () - wt] ; (B.7h)
KR 20
with 6y the temperature at height zp and 0, = —(w'6’)s/u.. For an unstable atmo-
sphere:
1 1+ 2
¢w:2ln< jL:E>—Hn< T )—Qarctan:c—kw, (B.8a)
2 2 2
1 2
Py = 21n< 4—2:15 > : (B.8b)

with 2 = (1 — 162/Ly0)"*. For a stable atmosphere (Lyjo > 0), while z/Lyo <
0.5 [35]:
hy =P = _5Z/LM07 (B.9)
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while z/Lyro > 0.5:
4.25 0.5
w =Py = —T71 L — —0.852. B.1
o =t = T2/ Lago) ~ 7+ oy — 083 (B.10)

Note that the expressions of ¢, and ¢ are based on experimental campaigns, slightly

different expressions exist in the literature.

B.3 Atmospheric turbulence modeling

In this study, we focus on velocity fluctuations that are required in the turbulent
inflow noise model. Although temperature fluctuations can play a role on acoustic
scattering during wave propagation, Cheinet [87]| points that the velocity fluctua-
tions largely dominate while the temperature fluctuations could only contribute for
very low winds.

Standard deviations

Under unstable conditions (Lyo < 0), Cheinet [87| gives the following empirical
relationship for the wind variance :
] 2/3
Ug(z7u*7FT) :UE a1+7(a2'zi+a3z) ) (Bll)
|Lmol

with z; the mixed layer height (set to 1000m), a; = 5.2, ag = 0.52, a3 = 0
in the surface layer (z < 0.1z) and Fr = (w'6’), . These values fit Wilson’s
results [108] of 02 = 3.0u? for purely shear-driven turbulence (neutral conditions),

and o2 = 0.35w'? for pure buoyancy turbulence.

Under stable conditions (Lyo > 0)
Cheinet [87] for the wind variance is:

the empirical relationship given by

1.73+ 3.3 (;)Oﬁr. (B.12)

*

02(2, uy, Fr) = u*?

Both expressions yield 02 = 3.0u*? when L, — oo (neutral conditions).

Turbulence outer scales in von Karman model

The outer scale in the von Kérméan model is given by [87]:

02(z,ux, Fr) 3/2
Louter(z,us, F7) = | 1. 17— )
t (Z u T) < 9 02(27,“*’ FT))

u

(B.13)

with C2 the structure parameter of momentum fluctuations parametrized as follows:

2

2 = U e (2
CU(Z,U*,FT) - 22/3fu <L) ) (B14)
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with
f(g):39(1_£ —§>2/3 £<0 (B.15a)
u e , £<0, .
Fu(§) =391 +59)*%, ¢>0, (B.15b)

with & = z/Lao. Wilson [109] states that Loyer = 1.8z for purely shear-driven
turbulence, and Lyyter = 0.23 2; for pure buoyancy turbulence.



APPENDIX C

Dynamic stall measurements

In order to study the mechanisms of stall noise, a wind tunnel experiment is designed
to measure both static stall and dynamics stall. In the preliminary measurements
presented here, only the force coefficients are recorded. Surface pressure measure-
ments are planned in the near future to study the onset and the development of the
stall; they will not be included in this appendix.

C.1 Experiment setup

Measurements are performed in the closed return wind tunnel at ENSTA ParisTech
(see Figure C.1). The test section is 45 cm x 45 cm, inside which an airfoil is placed
that can be turned using a rotating system including an aerodynamic balance (see
Figure C.2). The aerodynamic balance is able to measure the lift and drag forces
at a relatively high sampling rate. The airfoil is a NACA 0024 of span 41 ¢cm and
chord 16.5cm (see Figure C.3).

Figure C.1: Closed return wind tunnel at ENSTA ParisTech.

For the static stall measurments, the flow velocities (U) are 12.8m/s and
25.6m/s, corresponding to chord based Reynolds numbers of 1.4 - 10° and 2.8 - 10°
respectively. For the dynamic stall measurements, the flow velocity is around 12.5
13m/s, the oscillation frequencies are from 0.1 Hz to 2.6 Hz, corresponding to re-
duced frequencies (@ = wfc/U) of 0.004 to 0.1.
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Figure C.2: Rotating system and the aerodynamic balance.

Figure C.3: An NACA 0024 airfoil is mounted in side the wind tunnel.
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Figure C.4: Static measurements of lift coefficient C; and drag coefficient Cy for two
test velocities.

C.2 Results of static stall measurements

Static measurements are done by varying the AoA « step by step, from 0° to 18°.
The lift and drag coefficient Cj, Cy for the two test velocities are plotted in Fig-
ure C.4. When AoA is increased, the lift coefficient follows the thin airfoil theory
(C; = 27a) for small angles of attack. Static stall occurs around 17 — 18° for U
= 12.8m/s, and around 21.5 — 22° for U = 25.6m/s. Then the angle of attack is
decreased step by step and the flow reattaches between 11 — 12° for U — 12.8 m/s,
and between 13 — 14° for U = 25.6 m/s. This illustrates the phenomenon of flow
hysteresis [110].

C.3 Results of dynamic stall measurements

During the dynamic stall measurements, the flow velocity is carefully set the same as
for the static stall with the test velocity of 12.8m/s. However, a variation between
12.5 — 13 m/s is observed during the oscillation of the airfoil. The tested cases are
configured as shown in Table C.1. The results are averaged over 10 cycles for all
the cases; for comparison, the static results are also plotted as shown in Figure C.5,
some common similarities are observed:

1. At low oscillation frequency, before reaching the stall angle, C; of dynamic case
is smaller than that of static case. The differences decrease with the increase
of the oscillation frequency;

2. (] increases with increasing AoA for all cases till around 12°, then is remains
constant especially for the low oscillating frequency cases;

3. During the dynamic stall, C; drops rapidly, and at the same time, C,; increases
a little;
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'h
Case | U(m/s) | Oscillation frequency (Hz) | Oscillation amplitude (°) | Range of AocA (°)
1 12.5 — 13 0.1 a(t) = 15° + 15 sin(wt) 0-30
2 12.5 — 13 0.3 a(t) = 15° + 15 sin(wt) 0-30
3 | 125-13 0.6 a(t) = 15° + 15 sin(wt) 0-30
4 [125-13 1.3 a(t) = 15° + 15 sin(wt) 0- 30
5 | 125 13 2.6 a(t) = 15° + 15 sin(wt) 0-30
6 | 12513 0.3 a(t) = 15° + 10 sin(wt) 5- 25

Table C.1: Parameters setup for the test cases.

4. The reattachment is clearly captured for low oscillation frequency cases (e.g.

cases 1 and 2). Compared to the static case, we can see that the reattachment

is delayed due to the oscillation;

5. Due to the rotating motor capacity, when the oscillation frequency is too large
(for case 5), the desired AoA range cannot be reached, so the results for case 5

is not trustworthy and thus is not plotted.

Parallel comparisons for C; and Cy for cases 1-4 are shown in Figure C.7. The

test case 5 is not included for the reason mentioned above. From the C; compar-

ison (Figure C.7.a), the delay of the flow separation and reattachment due to the
oscillation frequency is clear seen. At AoA = 30°, for all the cases, C; value drops
to around 0.4. The same phenomenon is also observed for Cy plot: at AoA — 30°,
Cy value is around 1.15-1.25.

An other test case with oscillation frequency f = 0.3 Hz, AoA range between
5% — 25 is also performed to compare with case 2 (see Figure C.8). We can see that

dynamics stall angle is influenced by the oscillation range. The results show that a
wider oscillating range delays the flow separation; at the same time, it also delays
the reattachment.




C.3. Results of dynamic stall measurements 139

1,4

——cl dynamic
~——cd dynamic
——cl static

~ —cd static

i

5 30 35

AoA / degree
(a) Case 1, f = 0.1 Hz, range of AoA = 0 — 30°.

1,4 ‘
——Cl dynamic
12 +

——Cd dynamic

i

1 - ——cl static

e
. 4&% \

0,2 —

!
0
lp 15 20 25 30
-0,2
AoA / degree

(b) Case 2, f — 0.3 Hz, range of AoA — 0 — 30°.

1,4

1: //\ \ / ~-\-’_/-,;7-,7—0dynamics
‘ S
IRVl ;

——Cd static
04 / \\'\
o2 #%M
o & i : ‘

T T 1
5 10 15 20 25 30 35

\

-0,2
AoA / degree
(c) Case 3, f = 0.6 Hz, range of AcA = 0 — 30°.
16

——Cl dynamics

14 ——Cd dynamic V\)
1,2 -+ —Clstatic =
1 ——Cd static / /
08
06 V4ARENIpE
04 /
0,2 -

0 \\_10_\

0,2

N
ML

J
Y

/\/

0 25 30

[§8L <=

L~
AoA / degree

(d) Case 4, f = 1.3 Hz, range of AoA = 5 — 25°.

Figure C.5: Lift and drag coefficients measured for dynamic stall cases compared to
static case.
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Figure C.8: Lift and drag coefficients for 2 test cases with the same oscillation
frequency f = 0.3 Hz, and different oscillation amplitudes.

C.4 Future work on stall noise measurements

In the future, it would be desirable to perform the following measurements to char-
acterize dynamic stall and the associated noise radiation:

e Surface pressure measurements of an airfoil with oscillating motion. Pressure
sensor will be mounted on the surface of the test airfoil. This will allow us to
study the detachment/reattachment occurrences.

e Direct acoustic measurements. An anechoic wind tunnel facility is needed for
these measurements.
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