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Summary

Broadband noise generated aerodynamically is the dominant source for a modern wind turbine. In this paper,
trailing edge noise and turbulent inflow noise are modeled using Amiet’s theory to predict wind turbine noise
spectra, directivity and amplitude modulation. First, by comparing model predictions with wind tunnel exper-
iments from the literature, we show that a wall pressure spectral model that includes the effect of an adverse
pressure gradient is needed to correctly predict trailing edge noise spectra. Then, we adapt the model to rotating
blades and compare sound power level spectra of trailing edge noise with field measurements, assuming a con-
stant wind speed profile. A good agreement is found at frequencies higher than approximately 1000 Hz, but the
levels are underestimated at lower frequencies. Finally, we account for wind shear and atmospheric turbulence
effects using the Monin-Obukhov similarity theory. On the one hand, we show that angle of attack variations due
to wind shear can produce a significant change in the wall pressure spectra of some blade sections, especially
in stable atmospheric conditions, even though this effect is not clearly seen on the trailing edge noise spectra at
the receiver. On the other hand, turbulent inflow noise does vary with atmospheric conditions, and contributes
significantly to the noise radiated by a wind turbine at low frequencies. When both mechanisms are considered,

the predicted sound power level spectra are in good agreement with measurements.

PACS no. 43.28.Ra, 43.50.Nm

1. Introduction

Wind turbine noise is one of the main concern for the ac-
ceptance of wind farms by the neighborhood [1]. For mod-
ern megawatt-sized wind turbines, it is generally admit-
ted that broadband aerodynamic noise is dominant, with
three main noise sources to consider [1, 2, 3]: turbulent in-
flow noise, trailing edge noise, and stall noise. Turbulent
inflow noise is due to the interaction of atmospheric turbu-
lence with the blade leading edge; its level depends on the
strength of the turbulent fluctuations. Trailing edge noise is
caused by the scattering of the turbulent boundary layer at
the blade trailing edge; it is thus referred to as airfoil self-
noise. When the blade angle of attack (AoA) increases, the
boundary layer becomes partially separated and eventually
complete separation or stall is achieved. This is a very in-
tense noise mechanism called separation or stall noise.

A main feature of wind turbine noise is the amplitude
modulation (AM), caused by the rotation of the blades,
which is believed to be the most annoying feature of this
noise source [1]. As explained in the project “Wind Tur-
bine Amplitude Modulation” funded by RenewableUK
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[4, 3, 5], it is common to distinguish between normal am-
plitude modulation, also called swish, and enhanced or
other amplitude modulation, also called thump. Normal
AM corresponds to the sound level variation of a few deci-
bels that modern wind turbines normally produce, mostly
noticeable close to the turbine in the crosswind direction.
On the other hand, enhanced AM is observed in the far-
field (typically more than 600 m), mostly in the downwind
direction, and can reach 10 dB or more.

In order to accurately predict wind turbine noise, it is
important to understand the role of atmospheric condi-
tions. Wind shear is often cited as an important factor ex-
plaining sound pressure levels higher than expected and
enhanced AM [6, 4]. Under stable atmospheric conditions,
typically at night, the wind speed increase from the bottom
to the top of the rotor can be large, so the AoA changes
significantly during one blade rotation. Furthermore, wind
speed is usually small clo se to the ground when high wind
shear is present, which means that the background noise,
also called wind noise or vegetation noise [7], is low and
will not mask efficiently wind turbine noise. Another im-
portant atmospheric parameter is the strength of turbulent
velocity fluctuations, which mostly impacts turbulent in-
flow noise. This strength depends on the atmospheric con-
ditions, and may also be strongly enhanced if a wind tur-
bine is in the wake of another turbine [3, 5].
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To better understand wind turbine noise and its associ-
ated amplitude modulation, it is thus important to propose
amodel that takes into account the main noise mechanisms
and the influence of atmospheric conditions. Three main
types of models have been proposed in the literature. First,
a semi-empirical model has been built on the extensive
measurements of airfoil self-noise made by Brooks et al.
[8]. This model, sometimes called BPM model, has been
applied to wind turbine noise with some success by Zhu et
al. [9] and Oerlemans et al. [2]. It is however difficult to as-
sess the validity limits of such a model, since it is based on
measurements for a NACA 0012 airfoil that is not repre-
sentative of the airfoils used in wind turbine applications.

Second, models based on acoustic analogies have been
proposed. There have been a few attempts to apply the
frequency-domain models proposed by Amiet for turbu-
lent inflow noise [10] and trailing edge noise [11] to wind
turbines, e.g. in the study of Glegg er al. [12]. Also,
Lee et al. [13] recently proposed a trailing edge noise
model based on the time-domain solution of the Ffowcs
Williams-Hawkings equation [14]. Although these mod-
els are promising, they have not been thoroughly validated
for wind turbine noise applications. In the case of Amiet’s
model for trailing edge noise, for example, one of the
main difficulty is to have access to wall pressure statistics,
whose modeling remains on open issue [15, 16, 17, 18].

Third, numerical tools of Computational Fluid Dynam-
ics are getting more and more popular in the context
of wind turbine noise. Reynolds Averaged Navier-Stokes
(RANS) simulations can be used to provide information
on the turbulent boundary layer developing over an air-
foil. An approach consisting in coupling a RANS flow
solver to the TNO-Blake model to predict the wall pressure
spectrum has been proposed by several research groups
[17, 18], and is able to capture adverse pressure gradient
and turbulence anisotropy effects. Hybrid approaches for
airfoil noise prediction based on Large Eddy Simulation
(LES) have also been developed. For instance, Shen et
al. [19] proposed a LES-based approach that consists in
splitting the compressible flow problem into a viscous in-
compressible flow part and an inviscid acoustic part. This
approach has been applied to both symmetric and asym-
metric airfoils [19, 17].

In this paper, we propose a physically-based wind tur-
bine noise prediction model based on Amiet’s theory in
order to obtain accurate predictions in an efficient way.
Both turbulent inflow noise and trailing edge noise are
considered, and prediction results are validated against
measurements from the literature. In order to account for
wind shear and atmospheric turbulence effects, we use the
Monin-Obukhov similarity theory that predicts wind speed
profiles and turbulence parameters in the atmospheric sur-
face layer. We focus in this paper on wind turbine noise
close to the source (typically 100 m away), and study dif-
ferent phenomena such as directivity and amplitude mod-
ulation. Thus, in the following, the term amplitude modu-
lation (AM) means normal AM. Although only near-field
results are presented here, our long-term goal is to cou-
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Figure 1. Schematics for Amiet’s model applied to a fixed flat
plate.

ple this source model to a propagation model in order to
predict wind turbine noise at large distances (greater than
1 km), and thus to better understand the possible causes of
enhanced AM.

The paper is organized as follows. First, Section 2
presents Amiet’s analytical model for turbulent inflow
noise and trailing edge noise of a fixed airfoil and its val-
idation against wind tunnel measurements. Then, in Sec-
tion 3, we apply the trailing edge noise model to a full size
wind turbine and compare predictions to field measure-
ments considering a constant wind profile (no wind shear).
Finally, the influence of wind shear and atmospheric tur-
bulence on wind turbine noise is studied in Section 4.

2. Amiet’s analytical model for turbulent
inflow noise and trailing edge noise

2.1. Turbulent inflow noise

2.1.1. Original model for a fixed plate

An airfoil in a turbulent flow experiences a fluctuating lift
loading which will result in the generation of sound. Amiet
derived airfoil response functions that relate the wavenum-
ber spectrum of the incoming turbulence to the lift fluctu-
ations over the blade surface [10]. These lift fluctuations
can be seen as dipoles distributed along the airfoil surface
that efficiently radiate noise to the far-field.

Amiet’s model is based on linearized thin-airfoil theory,
and the airfoil is reduced to a flat plate with zero thickness
and zero angle of attack, with span L and chord ¢, as seen
in Figure 1. The flow is uniform with velocity U, and a re-
ceiver is placed in the far-field at (xg, yr, zr). The model
is based on several assumptions:

1. the incoming turbulence fluctuation is considered to be
small compared to the mean flow velocity;

2. the interaction between the airfoil and the turbulent flow
is inviscid so that the problem is reduced to solving lin-
earized Euler equations;

3. the turbulence is frozen, so that turbulent gust proper-
ties are unchanged while it is convected by the mean
flow, and its velocity fluctuation is represented in terms
of chordwise and spanwise wave numbers, here K, and
K, respectively.
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The problem can be described by a linearized Helmholtz
equation associated with proper boundary conditions [10,
20], which form a Schwarzschild problem that can be
solved analytically. For large aspect ratio, thatis L/c > 3,
the far-field power spectral density (PSD) of acoustic pres-
sure S, is given by [10, 20]

2
k L k
Spp(XR. YR, 2R, @) = (po czR) U=, (2 ﬂ)

282 2 U’ S
2
o kygr
L , =, — 1
TI (XR U S, > (1)

where w is the angular frequency, k = w/cy is the acoustic
wavenumber, pg is the air density, ¢y is the speed of sound,
So is a modified distance between the source and the ob-
server, and L7 is the turbulent inflow noise transfer func-
tion that connects the airfoil surface pressure fluctuation to
the acoustic pressure at the far-field point. We neglect the
second-order trailing-edge correction in the calculation of
the transfer function, as given by Equation (4) of [20], be-
cause it is small for the chords and frequencies considered
in this study. Thus Lr; is obtained from Equation (3) of
[20].

Finally, ®,,,, is the two-dimensional energy spectrum,
modeled here by a von Karman spectrum for homoge-
neous and isotropic turbulence [10, 20],

2 R24+K?
q)ww(Kx’Ky) = %6_142,\"2—,\)’27) (2)
K: (1+ K5 +K;)'/3

with o, the standard deviation of turbulent velocity fluc-
tuations, K, = 1/Lgy., the wave number corresponding
to the turbulence outer scale L,.,, and K =K /K, the
normalized turbulent wave number. L,,;,, is related to the
turbulence integral length scale A by A = Lgy.,/1.339
[10].

2.1.2. Airfoil thickness correction for turbulent inflow
noise

Several authors including Roger and Moreau [20] and De-
venport et al. [21] have shown that turbulent inflow noise
strongly depends on the airfoil thickness. A thicker airfoil
tends to reduce the turbulent inflow noise level. This ef-
fect is not taken into account in Amiet’s original model.
We propose here an empirical correction based on the data
shown in Figure 6 of [20]. The reduction level SPLg in dB
is calculated by linear interpolation based on these data,

2 (e/c) i (A/C)rer
50 (e/c)ref U (A/C) '

where e is the airfoil maximum thickness, and A is the tur-
bulent integral length scale. The subscript . ; stands for the
values of reference experimental data from a NACA 0012
airfoil, which are (e/c),.r = 0.12 and (A/c) ~ 0.1.

Note that SPL provides a pure thickness correction but
does not contain the effect of camber as well as nose radius
(curvature). Another approach that could be considered in
future studies would be to correct the incident turbulence
spectrum based on rapid distortion theory, as proposed by
Roger and Moreau [20].

SPLr(dB) =

3)
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Figure 2. Turbulent inflow noise predictions with (dashed lines)
and without (solid lines) thickness correction for a NACA 0012
airfoil. The symbols correspond to the measurements of [22]
(color online).

2.1.3. Model validation against wind tunnel experi-
ments

First, model predictions are compared to the measure-
ments of Paterson and Amiet [22] in Figure 2 for a
NACA 0012 of chord 23 cm, with Mach numbers between
0.12 and 0.50. The turbulence intensity is 4-5 %, and the
longitudinal integral length scale is 3.0 cm. The agreement
between model and measurements is greatly improved
when the thickness correction is included, which is ex-
pected since this set of data was used to obtain Equation
(3). The thickness correction is highest for high frequen-
cies and low Mach numbers.

Second, the measurements of Devenport et al. [21] for
a S831 airfoil of chord 91 cm are considered. This airfoil
whose maximum thickness is 18% of the chord is typi-
cally used in wind turbine applications. The Mach number
is 0.08, the turbulence intensity 3.9 %, and the longitudi-
nal integral length scale 82 mm. In Figure 3, model predic-
tions with and without thickness correction are compared
to the measurements at angles of attack of 0° and 2°. The
thickness correction slightly improves the agreement be-
tween predictions and measurements, but is not sufficient
to provide a satisfying agreement below 200 Hz. This dis-
crepancy can be attributed to AoA, curvature and camber
effects. As noted by Devenport et al. [21], turbulent inflow
noise is almost independent of AoA for symmetric airfoils
such as NACA 0012, but is influenced by the airfoil ge-
ometry for the S831. This is clearly seen in the predictions
of Devenport et al. [21] for AoA between 0° and 4°, re-
produced in Figure 3. These predictions are based on a
panel method de scribed in [23] that exactly accounts for
the airfoil geometry. Figure 3 shows that Devenport et al.
predictions correctly capture the thickness effect, and that
the effect of AoA is significant, with a decrease of about
4 dB 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 the
Devenport et al. experiment, thus the discrepancy seen in
Figure 3 can be considered as a worst case scenario for
wind turbine blades.
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Figure 3. Turbulent inflow noise predictions 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 (gray lines) of Devenport et al.
[21] for AoA of 0°, 2° and 4°.

2.2, Trailing edge noise
2.2.1. Original model for a fixed plate

Amiet’s model originally proposed for turbulent inflow
noise can be extended to trailing edge noise [11]. Assum-
ing large aspect ratio, the PSD of trailing edge noise at
far-field can be written as [11, 24]

2
kczr L kyr
S,,(XR, VR, ZR, ®) = -0, (w)l <w—>
pp\XR, YR, ZR (47[53) 5 P y So

o kyr

Lre <U’ So )
where ®,, is the wall pressure fluctuation spectrum, /,, is
the spanwise correlation length, estimated by the Corcos
model, and Lrg is the transfer function for trailing edge
noise. Roger and Moreau [20] showed that the second-
order leading-edge correction has a significant contribu-
tion in the calculation of the transfer function only for
kc < 1. This condition is not encountered for the con-
figurations studied here, so L1 is simply obtained from
Equation (11) of [20]. As explained by Roger and Moreau
[20], this expression includes the incident pressure jump
correct ion proposed by Amiet [25].

2

“)

2.2.2. Wall pressure spectral models

In Amiet’s trailing edge noise model, one of the most im-
portant input parameters is the spectrum of wall pressure
fluctuations. An accurate estimation of this spectrum can
be done experimentally, or numerically with direct numer-
ical simulation (DNS) or large eddy simulation (LES), but
it remains very difficult in practice so a model must be
used instead. As a completion of his model, Amiet pro-
posed an empirical expression based on the scaling vari-
able @ = wé*/U,, with §* the boundary layer displace-
ment thickness and U, the external velocity. More recently,
Goody [15] proposed an improved wall pressure spectrum
model that considers Reynolds effect. However, all these
scaling models are based on zero pressure gradient (ZPG)
flow conditions, that are only suitable for a flat plate at
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zero incidence. For a real airfoil, an adverse pressure gra-
dient (APG) flow is usually present on the suction side
near the trailing edge. Rozenberget al. [16] proposed a
model tha t takes into account the APG effect, and reduces
to Goody’s model for zero pressure gradient conditions.
They suggested that normalized wall pressure spectrum
can be presented as:

Ppp(@)Ue _
Thax6*
[2.82A%(6.13A707 + F)M| [42 (%) + 1] &?

%)
[4.760°75 + )™ + [8.8R;* @]

where the main parameters of the model are [16]

o the wake strength parameter IT = 0.8(f, + 0.5)%/4,

e the Clauser parameter f, = (6/7,)(dp/dx) that com-
pares pressure forces on the boundary layer to the wall
shear forces,

e the ratio of boundary layer thickness to displacement
thickness A = 6/6",

o the ratio of the outer to inner boundary layer time scales
Rr = (3/U)(v/u2),

with 6 the momentum thickness, 7,, the wall shear stress,

Tmax the maximum shear stress along the normal direction,

and (dp/dx) the pressure gradient. Finally, A;, A, and F;

are empirical coefficients given by

A =3.7+1.58., (6)

A> = min(3,19/v/Ry) + 7., @)
4 0.75

F, = 4.76 <K> [0.3754, — 1]. ®)

These parameters can be calculated using CFD tools. In
this study, XFOIL version 6.96 is used to obtain U,, 6*, 6,
the skin friction coefficient C and the pressure coefficient
C, at the trailing edge. The boundary layer thickness is
obtained using the following relation [26]:

1.72
5%,
T 1) + ©)

5=06" (3.15+

where Hy = 6*/0* is the kinematic shape factor. We can-
not estimate 7,,,, directly from XFOIL, so we use the ap-
proximation 7, & T, = %pU 2c + that is valid while the
boundary layer remains attached. Finally, the pressure gra-
dient is obtained from C, between 99% and 100% of the
chord.

2.2.3. Model validation against wind tunnel experi-
ments

To validate Amiet’s model and evaluate the effect of the
adverse pressure gradient, results with Goody’s model for
ZPG and Rozenberg’s model for APG are compared to
experimental data from Brooks and Hodgson [27] for a
NACA 0012 airfoil and from Kamruzzaman et al. [17] for
a NACA 645-418 airfoil.

We consider first the surface pressure measurement of
Brooks and Hodgson for a sensor located at 1.854cm
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Figure 4. (a) Wall pressure spectra and (b) far-field SPL pre-
dicted by APG and ZPG models and measured by Brooks and
Hodgson [27] for a NACA 0012 airfoil.

Table I. Boundary layer parameters calculated by XFOIL and
measured by Kamruzzaman et al. [17] on the suction side at the
trailing edge for an AoA of 0°.

6* (mm) 6" (mm)
Experiment 6.76 2.99
XFOIL 597 3.07

from the trailing edge. The airfoil is a NACA 0012 of
chord 61 cm at zero incidence, and the inflow velocity is
69.5 m/s. Figure 4a compares ZPG and APG wall pressure
spectra with the measured spectrum. The APG model is
seen to increase the spectral level below 5 kHz which pro-
vides a better agreement compared to the measurements.
In Figure 4b, sound pressure level (SPL) predictions are
compared to experimental values. Predicted results are
closer to the measurements using the APG model.
Kamruzzaman et al. [17] have performed surface pres-
sure measurements on an asymmetric NACA 643-418 air-
foil of chord 60 cm on both pressure and suction sides. The
inflow velocity is 62 m/s and the AoA is 0°. The boundary
layer displacement thickness 6* and momentum thickness
0* calculated by XFOIL are compared to measured values
in Table 1. Associated wall pressure spectra are plotted in
Figure 5a. On the suction side, the predictions are much
closer to the measurements using the APG model com-
pared to the ZPG model, although the levels are still lower
than the measured ones. On the pressure side, only the
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Figure 5. (a) Wall pressure spectra on the suction side (black
lines) and on the pressure side (gray lines) measured by Kamruz-
zaman et al. [17] (symbols) and predicted by APG (solid lines)
and ZPG models (dashed lines) models. (b) Third octave band
spectra of far-field SPL using APG or ZPG model on the suction
side and ZPG model on the pressure side.

ZPG model is used because pressure gradients are small.
Figure 5b compares the SPL spectrum predictions to the
measurements. Using the APG model on the suction side
and the ZPG model on the pressure side, a better agree-
ment is found although the predictions still underestimate
the measured values.

As a conclusion, it is clear that the adverse pressure gra-
dient has an important effect on the SPL prediction, how-
ever its modeling is still an open issue in the aeroacoustics
community. Some recent studies have shown that turbu-
lence anisotropy effects need to be included to improve the
model accuracy, using for instance the TNO-Blake model
[17, 18].

3. Application on a full size wind turbine
with constant wind profiles

In this section, we consider a constant wind profile (no
wind shear) and no atmospheric turbulence. Thus only
trailing edge noise is considered in the SPL predictions.

3.1. Model adaption to a rotating blade with
spanwise-varying flow conditions

Amiet’s model was originally developed for a fixed plate.
A simple method to account for the blade rotating motion
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consists in approximating it by a series of translations from
discrete angular positions, as explained by Schlinker and
Amiet [28]. This approximation has recently been revis-
ited by Blandeau and Joseph [29] and by Sinayoko et al.
[30] by comparison with analytical models that treat the
rotation effects exactly. They concluded that the approxi-
mation is valid over a wide range of frequencies for wind
turbine applications. Using Blandeau and Joseph expres-
sions [29], frequency limits can be obtained as a function
ofdistance from an observer to the wind turbine as well
as Reynolds number encountered by each blade section.
The low frequency limits are about 15 Hz and 120 Hz for
an observer located respectively 100 m and 1000 m away
from the wind turbine. The upper frequency limit increases
with Reynolds number. In our study, the average Reynolds
number is around 4 x 10°, which leads to an upper fre-
quency limit from 1kHz to 5 kHz from the root to the tip.
Since most of the wind turbine noise is produced by the
outer part of the blade, as observed by Oerlemans et al.
[31], results are calculated up to 5 kHz in the following.

The Doppler factor relates the observer frequency w to
the emission frequency w, at the source [28, 30]. As shown
by Schlinker and Amiet [28] and Sinayoko et al. [30],
the instantaneous PSD at the observer for an azimuthal
blade position y is Sy,(Xo, @, 7) = (we/®)S,,(X, we, ¥),
where x¢ and x correspond respectively to the observer
coordinates in the hub and blade coordinate systems, and
S),,(X, @, y) is given by Equation (4) (or Equation (1)
when turbulent inflow noise is considered) for a fixed
blade. They also derived an expression for the azimuthally
averaged spectrum,

2w

2 2
- % L (%) S (%, @, 7) dy.

Another issue related to blade rotation is that the flow
is not uniform along the span, with incoming veloc-
ity strongly increasing from root to tip. To treat these
spanwise-varying conditions, it is common to cut the blade
into short segments or strips while assuming the segments
are independent, which means the segment span must be
greater than the spanwise turbulence correlation length. As
a result, the overall noise radiated by the blade is the loga-
rithmic sum of the contributions from all blade segments.

1 2r w,
Spp(X0s ®) = — Espp(x()’ ,y)dy
; (10)

3.2. Configurations

The wind turbine under study is a 2.3 MW Siemens SWT
2.3-93 with a tower height (ground to hub) of 80m, and
three 45B blades of length 45 m that have controllable
pitch angle. The chord length is 3.5m at the root of the
blade and 0.8 m at the tip, and we assume a linear varia-
tion in-between as shown in Figure 6. These data in addi-
tion to the sound power level measurements are found in
Reference [32] for the two cases summarized in Table II.
A NACA 63-415 airfoil is chosen for the blade profile,
because it is a commonly used airfoil in modern wind tur-
bines, and it is visually similar to B45 blades [33]. To
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Table II. Mean parameters for the two experimental test-cases
from [32].

Wind speed at Rotor speed
hub height (m/s) (rpm)
case 1 6 13
case 2 8 14
2 2
0 0
-2 -2
0 0
10 10
20 20
30 30
40 40
50 50 2 50 20 2

Figure 6. Geometry of the 45 m-blade cut into 8 segments with-
out twist (left) and with twist (right). All dimensions are in me-
ters.

choose the number of blade segments, we decide in this
study to keep a constant aspect ratio of 3, so that the large
aspect ratio approximation of Amiet’s model is satisfied.
This led us to cut each blade into 8 segments, as shown in
Figure 6. The span is always larger than 0.5 m, the largest
spanwise correlation length according to Corcos model.
Finally, the blade twist is cho sen so that the AoA is 4°
with a constant wind profile for all segments, which is the
angle where the maximum lift drag ratio is found for a
Reynolds number of 4 x 10°. A schematics of the twisted
blade as it is modeled in the calculations is represented in
Figure 6.

3.3. Sound power calculation and comparison with
measurements

Assuming free field conditions, the sound power level
SWL is obtained by SWL = SPL+10log,,(47 R?), with R
the distance from the rotor to the observer. The SWL pre-
dictions are compared to the measurements in Figures 7
and 8 for the two cases described in Table II. The observer
is located on the ground 100 m downwind, and the spec-
tra are azimuthally averaged as given by Equation (10).
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 fre-
quencies, and by the pressure side contribution at higher
frequencies. Using the ZPG model on the suction side,
the predictions are up to 10dB 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 in this frequency range, as will be seen in Sec-
tion 4.4.
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Figure 7. Third octave band spectra of sound power level for
case 1 (U = 6m/s) considering APG or ZPG models of trail-
ing edge noise.
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Figure 8. Third octave band spectra of sound power level for
case 2 (U = 8m/s) considering APG or ZPG models of trail-
ing edge noise.

3.4. Directivity and amplitude modulation

The horizontal directivity of overall SPL is plotted in Fig-
ure 9(a) for cases 1 and 2. The maximum levels are ob-
tained upwind and downwind, while the minimum lev-
els are found crosswind, which is in agreement with typ-
ical field measurements close to a wind turbine [2]. This
shape can be explained by the directivity of trailing edge
noise, coming from the assumption of dipole distribution
in Amiet’s theory. This directivity is determined by the ori-
entation of the blade.

Amplitude modulation is caused by the rotation of the
blades, and has a frequency of 1/3 the blade rotating fre-
quency for a 3-bladed wind turbine. Subtracting the mean
SPL from the SPL at each blade azimuthal position y, we
can visualize AM in Figure 10 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 much more important in the crosswind di-
rections. We define the AM strength as the difference be-
tween minimum and maximum values of SPL over blade
azimuthal position y. The AM strength is approximately
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Figure 9. Horizontal directivity of (a) overall SPL and (b) ampli-
tude modulation strength, with the wind coming from the left.

0 100 200 300
Blade position y (°)

Figure 10. Amplitude modulation in downwind (dashed lines)
and cross-wind (solid lines) directions for cases 1 and 2. The ob-
server is 100 m away from the wind turbine, and AM is obtained
by subtracting from the mean SPL from SPL(y).

4dB(A) crosswind and less than 0.3 dB(A) downwind.
Figure 9b 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 9a. These predictions are in good qualitative agree-
ment with field measurements [2], and can be explained
by rotation and directivity effects.
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4. Influence of atmospheric turbulence and
wind shear

4.1. Monin-Obukhov similarity theory

Monin-Obukhov Similarity Theory (MOST) is considered
to study the influence of atmospheric turbulence and wind
shear on wind turbine noise. This theory applies to the
atmospheric surface layer, where surface fluxes are rela-
tively constant, and is valid over a flat and homogeneous
ground [34, 35, 36]. The main parameters of the model are
the friction velocity u, and the sensible heat flux H, or
equivalently the temperature scale 7. The stability of the
atmosphere is then described by the Obukhov length L,
given by [34, 36]

poC,Tu

L, =Tu> T, = —
u,/(kgT.) ol

1D

with T the potential temperature, ¥ = 0.41 the von Kér-
man constant, g the gravity acceleration, and C, the spe-
cific heat of dry air. 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 [37, 34],

U(z) = "? [In (50) - q/u] , (12)

where zo is the surface roughness length and the func-
tion y, depends on the stability of the atmosphere. In
neutral conditions, y, = 0 and the classical logarithmic
profile is recovered. These velocity profiles are sometimes
called Businger-Dyer profiles, and we use in this study a
slightly modified version of these profiles detailed in Ap-
pendix Al. Using MOST, it is also possible to predict tur-
bulence parameters that vary with height to represent the
inhomogeneity of the atmospheric boundary layers. The
von Karman spectrum of Equation (2) is used, but with
height-dependent standard deviation of turbulent velocity
fluctuations o, and integral length scale A that are de-
scribed in Appendix Al.

Since detailed parameters concerning the atmospheric
conditions during the wind turbine noise measurements
are not mentioned in Reference [32], we choose realistic
parameters found in the literature. The heat flux H typ-
ically varies over the range —50 W/m? to 600 W/m? dur-
ing a diurnal cycle [34]. Following Ostashev and Wilson
[38], we select a value of 200 W/m? for mostly sunny con-
ditions, and 40 W/m? for mostly cloudy conditions. For
stable conditions, typically occurring at night, values of
—10W/m? and —25 W/m? are chosen for H. Then we de-
duce the friction velocity from Equation (12) so that the
mean velocity at hub height is 6 m/s for case 1 or 8 m/s
for case 2, using zop = 0.1 m. The results are summarized
in Table III. Results for H = —25W/m? and 200 W/m?
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Table III. MOST parameters used in the study for cases 1 and 2.

Case 1: U(80m) = 6 m/s

H (W/m?) u, (m/s) L. (m)
-10 0.29 235
0 0.37 Inf
40 0.42 -168
Case 2: U(80m) = 8 m/s
H (W/m?) u, (m/s) L. (m)
-25 0.38 200
-10 0.46 905
0 0.49 Inf
40 0.53 -348
200 0.58 -92
150
= H =0 (neutral)
L H=-10Wm? cccmemeas
——H = -25W/m 2
100F H = 40W/m?
= = =H = 200W/m?

z (m)

Figure 11. Mean wind profiles U(z) for the atmospheric condi-
tions described in Table III for case 2 (U(80m) = 8m/s). The
minimum and maximum rotor heights are shown using black
dashed lines.

are not shown for case 1 because they yield |L.| < 50m,
and it is generally admitted that MOST is only valid for
|z/L.| < 1 —2[35]. 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 Fig-
ure 11 for case 2. The wind shear is clearly stronger in sta-
ble conditions compared to neutral or unstable conditions.
The wind speed increases from 6.2 to 9.5 m/s between the
bottom and top parts of the rotor for H = —25W/m?,
while it remains close to 8 m/s for unstable conditions.
Similar results are obtained for case 1 so they are not plot-
ted here. The turbulence parameters ¢, and A are plot-
ted for case 2 in Figure 12. Using expressions given by
Cheinet [36], o, 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 associated with the von Karman spec-
trum will thus be a combination of these two effects, as
this level increases with increasing o, and decreases with
increasing A.
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1507
=——H =0 (neutral)
- =-10W/m? -
——H = -25W/m?
100} H = 40W/m?
~ = = =H = 200W/m?
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N
50|
0 i =
0 0.5
(a) g, (m/s

= H =0 (neutral)
H = -10W/m 2

—H = -25W/m 2
H = 40W/m?

---H= 200W/m

300 400 500
N (m/s)

Figure 12. (a) Standard deviation of turbulent velocity fluctua-
tions o, and (b) integral length scale A for U(80m) = 8m/s.
The minimum and maximum rotor heights are shown using black
dashed lines.

4.2. Effect of wind shear on wind turbine trailing
edge noise

The noise radiated by a wind turbine depends on 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 13 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 y. For instance, Figure 14 shows
the variation of the displacement thickness & on the suc-
tion side for the different wind profiles corresponding to
case 2. The boundary layer thickness of the tip segment
decreases from y = 0, where the blade is pointing up to
y = 180°, where the blade is pointing down. This de-
crease is most significant for the stable atmosphere with
H = —25W/m?. These changes in boundary layer param-
eters cause a significant change in the wall pressure spectra
plotted in Figure 15 as a function of y. 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 mea-
surements performed in the framework of the DANAERO
project for a similar size wind turbine [5, Figure 25].
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Figure 13. AoA variation in degrees due to wind shear for
U(80m) = 8m/s and H = —25 W/m?.

——H =0 (neutral)
H = -10W/m 2

——H = -25W/m?
H = 40W/m?

- = =H = 200W/m?

0 100 200 300

Figure 14. Variation of displacement thickness & on the suction
side as a function of blade azimuthal position y for the tip seg-
ment and for case 2. The thick dashed line corresponds to the
reference value with a constant wind of 8 m/s.
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10
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Figure 15. Wall pressure spectra ®,, on the suction side for dif-
ferent blade azimuthal position y for the tip segment, considering
case 2 with H = =25 W/m?.

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 16 cal-
culated at a receiver 100 m downwind. On the suction side,
a SWL increase is observed at high frequencies, of approx-
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Figure 16. Third octave band spectrum of SWL for trailing edge
noise on pressure and suction side for case 2 with no wind shear
and with H = =25 W/m?.

imately 1 dB(A) at 2kHz and 3 dB(A) at 4 kHz. 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 sh ear is only 0.4 dB(A) at 2kHz on
the total trailing edge noise spectrum. The fact that level
variations due to wind shear are less pronounced on the
receiver side (Figure 16) compared to the emission side
(Figure 15) 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 16, 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 ter-
rain might not be flat and homogeneous (topography ef-
fects), and because other sources of inhomogeneities such
as large-scale turbulence or wakes of other turbines might
be present [4, 3, 5].

4.3. Effect of atmospheric turbulence on wind tur-
bine turbulent inflow noise

Amiet’s model for turbulent inflow noise directly depends
on the turbulence spectrum ®,,,,, as seen in Equation (1). It
is modeled using a von Kéarman spectrum with turbulence
parameters o, and A that depend on height or equivalently
on the blade azimuthal position y. Figure 17 shows how
the turbulence spectrum varies with y for the tip segment at
100 Hz. The maximum spectral levels are found for the un-
stable atmosphere with H = 200 W/m? during the whole
rotation, which can be explained by the relatively high
value of ¢, and low value of the turbulent length scale A
associated with this case (see Figure 12). The same trends
are observed for other frequencies.

Figure 18 shows the azimuthally-averaged SWL spec-
tra calculated at a receiver 100 m downwind associated
with the same atmospheric conditions. As it could be fore-
seen from Figure 17, the maximum levels are obtained for
H = 200 W/m? and the minimum levels for H = 0 and
H = 40W/m?. The differences are significant — up to
2dB(A) — between the different atmospheric conditions.
As already mentioned previously for trailing edge noise,

—H=0

H =-10W/m?
54 & ——H=-25W/m?
H = 40W/m?
= = =H = 200W/m?
50 100 150 200 250 300 350
V(%)

-56
0

Figure 17. Variations of turbulence spectrum ®,,, as a function
of blade azimuthal position y for the tip segment at 100 Hz and
for the various atmospheric conditions corresponding to case 2.

90
< 85
[an)
s
«Q
a JR—
= o
» 80} H = -10W/m
——H =-25W/m 2
H = 40W/m?
| - = =H = 200W/m?
75 i i
10° 10°

Frequency (Hz)

Figure 18. Third octave band spectrum of SWL for turbulent
inflow noise and for the various atmospheric conditions corre-
sponding to case 2.

we must keep in mind that stronge r turbulent variations
than those predicted by MOST may exist in reality, es-
pecially when a wind turbine happens to be in the wake
of another turbine [3, 5]. To conclude this part, let us
note that the leading edge thickness correction presented
in Section 2.1.2 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 3 is large and SPLp is
small , with a maximum redu ction of 0.3 dB obtained for
the root segment.

4.4. Combined effects of wind shear and atmo-
spheric turbulence

4.4.1. Sound power level predictions

The total SWL spectra including both trailing edge noise
and turbulent inflow noise are compared to measurements
of Reference [32] in Figures 19 and 20 for cases 1 and
2. We consider here a neutral atmosphere (H = 0),
which means the turbulent inflow noise levels are rela-
tively low according to Figure 18. It appears that turbu-
lent inflow noise is dominant at low frequencies, up to 300
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Figure 19. Third octave band spectrum of SWL for trailing edge
noise and turbulent inflow noise for case 1 and H = 0 (neutral
atmosphere).
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Figure 20. Third octave band spectrum of SWL for trailing edge
noise and turbulent inflow noise for case 2 and H = 0 (neutral
atmosphere).

to 500 Hz, while trailing edge noise is dominant at higher
frequencies. The agreement between predictions and mea-
surements is now quite satisfactory along the whole fre-
quency band. For case 1, 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 experi-
mental spectral peak around 400 Hz is not captured by the
model, which may be due to the absence of other noise
sources in the predictions such as separation/stall noise.

4.4.2. Directivity and amplitude modulation

The horizontal directivities of overall SPL and of AM
strength are plotted in Figure 21 for a neutral atmosphere
(H = 0). Results are given for trailing edge noise only,
turbulent inflow noise only and for the total noise. It ap-
pears that the maxima of overall SPL for the 3 curves are
found upwind and downwind, and the minima are found
crosswind (90° £ 2° and 270° + 2°). As already seen in
Section 3, the AM strength is less than 1dB in the up-
wind and downwind directions, and is maximum close to
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Figure 21. Directivity of (a) overall SPL and (b) amplitude mod-
ulation strength 100 m away from the wind turbine for case 2 and
H = 0 (neutral atmosphere).

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 lit-
tle downwind for turbulent inflow noise, and of only 4 dB
exactly crosswind for the total noise.

To explain these differences, let us look first at the di-
rectivity of one blade segment in the coordinate system of
the blade, as shown in Figure 22. Amiet’s model predicts
that trailing edge noise radiation is maximum towards the
leading edge of the blade, while turbulent inflow noise ra-
diation is maximum towards the trailing edge. The normal-
ized directivity are frequency-dependent, with more lobes
appearing with increasing frequency. This directivity pat-
tern, as well as the twisting of the blade schematically rep-
resented in Figure 6, do explain that the directions where
the minima are found are slightly different for the two
noise mechanisms.

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 y shown in Figure 23 for di-
rections 270° and 278°. At 270°, exactly crosswind, trail-
ing 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 situa-
tion is quite different with both mechanisms having out
of phase variations and turbulent inflow noise levels be-
ing close to their minimum values. As a result, the total
noise mostly follows the trailing edge noise variations and
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Trailing edge
== = = =Leading edge

Figure 22. Normalized directivity of trailing edge noise and tur-
bulent inflow noise for the tip segment. Dashed lines: f =
500 Hz; solid lines: f = 4000 Hz.
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Figure 23. Amplitude modulation for trailing edge noise, turbu-
lent inflow noise and for the overall noise at an horizontal angle
of 270° (top) and of 278° (bottom) with respect to the wind di-
rection, for case 2 and H = 0.

its AM strength is only 3 dB(A), much smaller than the
9dB(A) obtained for turbulent inflow noise.

5. Conclusion and future work

In this paper, Amiet’s analytical model for turbulent inflow
noise and trailing edge noise is applied for compute wind
turbine noise. First, we validated the model predictions by
comparison with wind tunnel experiments from the liter-
ature. We showed that trailing edge noise predictions are
improved when the effect of an adverse pressure gradient
is included. We also found that an empirical thickness cor-
rection for turbulent inflow noise may be considered to ac-
count for the reduction of noise level due to airfoil thick-
ness.

Then, the model is adapted to rotating blades to pre-
dict wind turbine noise in the simple case where the wind
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speed is constant with height and turbulent inflow noise is
neglected. 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 close
to a wind turb ine, with maximum SPL and minimum AM
strength downwind and upwind, while minimum SPL and
maximum AM strength are found in crosswind directions.

In the last part, we took into account wind shear and tur-
bulence effects using the Monin-Obukhov similarity the-
ory 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). Al-
though the angle of attack variations due to wind shear
produce a significant change in the wall pressure spec-
tra at some blade segments, the increase in the trailing
edge noise spectra at the receiver is almost negligible. On
the other hand, turbulent inflow noise does vary signifi-
cantly depending on atmospheric conditions. When both
mechanisms are considered, SWL spectra are in much bet-
ter agreement with measurements, with turbulent inflow
noise dominating at low frequency (below 400 Hz approx-
imately). Directivities of overall SPL and AM are similar
for both mechanisms and for the total noise, with an AM
strength that reaches at most 4 dB(A) for the total noise,
compared to up to 10dB(A) for each mechanism consid-
ered individually.

Several perspectives can be mentioned as a continua-
tion of the present work. On the source side, 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 [4]. Also, the effects of stronger wind shear
and larger turbulence fluctuations could be studied, which
would require to consider field measurements or theoret-
ical tools that are more advanced than MOST. Finally, to
be able to predict the noise perceived by potential neigh-
bors at large distances from a wind turbine, we envisage
to couple the present source model to a propagation model
that takes into account atmospheric fluctuations such as
the Parabolic Equation model [39].

Appendix

Al. Expressions for the velocity profiles and atmo-
spheric turbulence parameters

Al.1. Velocity profiles

The mean velocity profile U(z) given in Equation (12) in-
volves a function y, that depends on the stability of the at-
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mosphere. For an unstable atmosphere (L. < 0) [37, 34],

1+x 1+x?
1//“—21n< 5 >+ln< 5 )

T
— 2 arctan x + Ex

(AD

with x = (1 — 16z/L*)1/4. For a stable atmosphere (L, >
0) [37, 34],

Yy =
z/L. <0.5,

-5z/L. for
—7In(z/L,) — 14/2L5 + (Z/O—LS*)Z —0.852 elsewhere.

Al.2. Atmospheric turbulence parameters

We detail in this section the expressions for the height-
dependent standard deviation of turbulent velocity fluctu-
ations o, and integral length scale A appearing in the von
Karman spectrum. Cheinet [36] gives the following empir-
ical relationships for the variance o2

u’

2/3
(azi + 0631)] if L.<O0,

ui [0{1 +
2

1
u = 0.5
2 [1.73 +3.3 (LL) ]

with z; the mixed layer height (set to 1000m), a; = 5.2,
a, = 0.52, and a3 = 0 in the surface layer (z < 0.1z;).
Both expressions yield 62 = 3.0u2 when L, — oo (neu-
tral conditions).

The integral length scale A = Lyyer/1.339, with Ly,

the outer scale in the von Karman model given by [36]

o2 3/2
Louier = ( 1.91— .

u

if L,>0,

(A2)

C2 is the structure parameter of momentum fluctuations
parametrized as

2
(2
Ci=pta <L) (A3)
where
2/3
1-¢

=4 39(F=g) for g0

39(1+5¢8)°  for £>0,

with & = z/L.. Both expressions yield L, = 1.8z for
purely shear-driven turbulence, i.e. for & = 0 (neutral con-
ditions).
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