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Abstract
Aerodynamic broadband noise generated from horizontal axis wind turbines is investigated
in this research. First, a numerical method to predict wind turbine aerodynamic noise is
proposed by using an analytic trailing edge noise model and a wall-pressure spectral model for
flow with adverse pressure gradient. Reynolds-averaged Navier-Stokes simulation and XFOIL
code are used to obtain the wall-point pressure spectra at blade sections. This method is fast
and reliable numerical model which is applicable for use in industrial applications. For the
validation of the numerical method, noise measurement is also carried out for a 10kW wind
turbine, and a comparison is made between the predicted results and the measured data. Using
the proposed method, the aerodynamic noise from a 3MW wind turbine is predicted at various
inflow wind speeds and distances. Moreover, time domain simulation for the wind turbine
aerodynamic noise is performed to examine the main cause of the amplitude modulation of
wind turbine noise, as well as to compare the acoustical characteristics depending on the

i
#

observer locations. Analytic trailing edge noise and turbulence ingestion noise models are used
to determine the unsteady pressure on the blade surface. The far-field acoustic pressure due to
the unsteady pressure is calculated using the acoustic analogy theory. By using a strip theory
approach, the two-dimensional noise model is applied to rotating wind turbine blades. The
numerical results indicate that, although the operating and atmospheric conditions are identical,
the acoustical characteristics of wind turbine noise can be quite different with respect to the
distance and direction from the wind turbine. Using these prediction results, it is investigated
why the amplitude modulation of wind turbine noise is heard even at long distances from a
wind turbine. Furthermore, to reduce trailing edge noise from a 10kW wind turbine, the airfoil
shape and the planform of the wind turbine blade are modified using optimization techniques
based on genetic algorithms. The optimized airfoil is first determined based on a section of the
rotor blade, and then the optimized blade is designed with this airfoil. A wind tunnel experiment
is also performed to validate the design optimization. In addition, wind turbine blades with
serrated trailing edge are also examined for the noise reduction. To examine the effect of
serrated trailing edge on the trailing edge noise reduction, a field experiment is carried out
based on a 10kW wind turbine.

Keywords: Wind turbine noise, Noise reduction, Trailing edge noise, Turbulence ingestion
noise, Design optimization, Noise measurement
Student ID: 2009-30903
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Chapter 1
Introduction

1.1 Wind turbine aerodynamic noise
Wind energy is one of the fastest growing renewable energy resources. However, although
wind turbines transform wind energy into electric energy without producing any waste, wind
turbines make noise due to the rotational motion of the wind turbine blades. Because this noise
can exert a negative influence on people near wind turbines, it is important to evaluate and
reduce the noise generated from wind turbines for the expansion of wind energy.
The aerodynamic noise generated from wind turbine blades, which is the dominant noise
source of a typical modern wind turbine, is divided into two noise sources: turbulence ingestion
noise and airfoil self-noise [1]. The turbulence ingestion noise is generated due to an interaction
between atmospheric turbulence and the wind turbine blades, while the airfoil self-noise is
generated without the existence of any atmospheric turbulence. The airfoil self-noise is
composed of turbulent-boundary-layer trailing edge noise, laminar-boundary-layer vortex
shedding noise, separation noise, and trailing edge bluntness noise [2]. Because wind turbines
operate at high Reynolds number, the boundary layers on the blades are typically turbulent at
the trailing edge. This leads to the generation of turbulent-boundary-layer trailing edge noise.
Moreover, trailing edge bluntness noise is sometimes produced by the blades unless the blades
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have sharp trailing edges. Hence, among these self-noise sources, the turbulent-boundary-layer
trailing edge noise and the trailing edge bluntness noise can be a noise source in a typical
operating condition of wind turbines.



Fig. 1.1 Schematic of the noise mechanism of (a) turbulence ingestion noise, (b) turbulentboundary-layer trailing edge noise (c) trailing edge bluntness noise

For a modern upwind wind turbine, thickness and loading noise are not a major noise source.
Thickness noise is generated when the fluid in the flow field is displaced by the moving blades,
and loading noise occurs because the accelerating force generated by the blades is applied to
the fluid [3]. This discrete frequency noise is one of the main noise sources of rotating
machinery, such as helicopter rotors, turbo-machinery, and fans. However, for a modern
upwind wind turbine, the discrete frequency noise is inaudible in most situations, as the
rotational speed of a wind turbine is very low.
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The wind turbine aerodynamic noise has two acoustical characteristics. From a frequency
domain viewpoint, the wind turbine noise is broadband sound [1]. Because both atmospheric
turbulence and turbulence eddies in the turbulent-boundary-layer have a broadband spectrum
in the wavenumber domain, the corresponding noise exhibits a broadband spectrum. Another
important characteristic is that this broadband wind turbine noise is amplitude modulated sound.
Wind turbines produce sound with levels that fluctuate periodically at the blade passing
frequency. This amplitude modulated sound is heard because the rotational speed of wind
turbines extremely low compared to other rotating machinery; this sound, which is called the
amplitude modulation of wind turbine noise, is a special characteristic of wind turbine
aerodynamic noise. Thus, to assess the wind turbine aerodynamic noise, its amplitude
modulated character as well as a broadband spectrum needs to be well examined.
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1.2 Current issues
Accurate prediction of wind turbine aerodynamic noise is a very difficult computational
problem. To predict wind turbine noise precisely, turbulent flow over and in the vicinity of
blade surfaces needs to be simulated because the wind turbine noise is mainly generated due
to the interaction between turbulence and the blades. Theoretically, this flow field can be solved
by compressible direct numerical simulation or compressible large eddy simulation. Once the
time-dependent flow field is solved, the acoustic pressure at an arbitrary point can be predicted
by using the acoustic analogy such as Ffowcs Williams and Hawkings equation [4, 5]. However,
because the blade length of large wind turbines is enormously large compared to the
characteristic length of turbulent eddies, the computational cost for these simulations is too
expensiveto achieve. These numerical methods are not a possible way to predict wind turbine
aerodynamic noise.


Fig. 1.2. Accuracy or reliability vs. computational cost for the prediction model of wind
turbine aerodynamic noise
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For this reason, several simple empirical models have been widely used to estimate the
sound pressure level of wind turbine aerodynamic noise [1]. Simple prediction formulas
estimate the overall sound pressure level with wind turbine parameters such as a power output,
rotor diameter, and rotor tip speed. More complicated models in this category can also estimate
the sound pressure level in the frequency domain with consideration of the details of the blade
geometry, wind turbine operating condition, and atmospheric condition [6]. However, although
these simple empirical models provide a reasonable estimate of the sound pressure level in a
short computational time, the models are too simple to be applied in the design process of wind
turbine blades. Thus, for use in industrial applications a more accurate and reliable numerical
model is necessary to predict wind turbine aerodynamic noise.
In particular, developing prediction model for the trailing edge noise is more important than
that for the turbulence ingestion noise. Because the intensity of atmospheric turbulence
ingested into the rotor disk is difficult to measure and because it always varies with time, it is
difficult to precisely predict the sound pressure level of the turbulence ingestion noise even
though prediction model for the turbulence ingestion noise is accurate. On the other hand,
trailing edge noise can be predicted more accurately irrespective of atmospheric conditions.
Consequently, previous studies have been mainly focused on the development of the prediction
model for the trailing edge noise.
Another issue with wind turbine aerodynamic noise is the amplitude modulation of wind
turbine noise. In the vicinity of a wind turbine, swishing sound is easily heard due to the
rotational motion of wind turbine blades. As an observer becomes more distant from the wind
turbine, this swishing sound is difficult to perceive. However, several studies have reported
that sometimes a periodic thumping sound is perceived even at long distances from wind
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turbines [7-10]. Some of them claimed that this thumping sound had a more impulsive
characteristic compared to the swishing sound. Although several possible mechanisms were
proposed to explain the cause of the thumping sound, the mechanism is still not well understood.
Moreover, several attempts have been made to reduce wind turbine aerodynamic noise.
Because turbulence ingestion noise is mainly dependent on the inflow velocity and the
atmospheric turbulence, reducing the noise levels associated with it is difficult. On the other
hand, the trailing edge noise can be reduced by altering the turbulent boundary layer structure
or the trailing edge shape. Accordingly, several studies have been performed to reduce the
trailing edge noise, such as by modifying the airfoil shape or attaching noise reduction materials
to the blades [11-17]. However, most of these studies have focused on two-dimensional flow.
Only a few studies have practically applied these techniques to the design of wind turbine
blades to date [16-19].
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1.3 Research objective
Three topics related to wind turbine aerodynamic noise are examined in the present study.
In the next chapter, a numerical method to predict wind turbine aerodynamic noise is proposed
for use in industrial applications. To reduce the computation time but predict the noise reliably,
this model employs Amiet’s trailing edge noise model [20, 21] with Rozenberg’s wall pressure
spectral model [22]. In particular, Reynolds-averaged Navier-Stokes (RANS) simulation is
carried out to obtain the wall-point pressure spectra at blade sections. The calculated wall-point
pressure spectrum and trailing edge noise in two-dimensional flow as well as the calculated
wind turbine aerodynamic noise is validated with the results from wind tunnel tests and a field
experiment [23]. Finally, using the numerical model, aerodynamic noise from a 3MW
horizontal axis wind turbine is predicted.
In Chapter 3, the amplitude modulation of wind turbine noise is numerically investigated.
To compare the acoustical characteristics of wind turbine noise depending on the observer
location, the aerodynamic noise from a wind turbine is numerically modeled in the time domain
[24]. Using the predicted signals, this study not only examines why the amplitude modulation
is heard even at long distances from a wind turbine, but also finds the main cause of the
amplitude modulation.
Chapter 4 introduces two studies for reducing the trailing edge noise generated from wind
turbines. In the first study, the trailing edge noise is reduced by modifying the airfoil shape and
the blade planform [18]. Optimization methods that involve genetic algorithms are used to
obtain the optimal designs of the airfoil shape and the blade planform. The optimization design
is also tested with wind tunnel experiments. In the second study, the trailing edge noise is
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reduced by attaching serrated trailing edge on the blades of a 10kW wind turbine [19]. From a
field experiment, the effect of the trailing edge serrations on the wind turbine noise reduction
is evaluated.
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Chapter 2
A prediction model for
wind turbine noise

2.1 Overview of wind turbine prediction models
In the early days of wind power development, not only upwind wind turbines but also
downwind wind turbines were studied and developed. In contrast to upwind wind turbines,
downwind wind turbines produce strong low frequency loading noise due to the interaction
between the tower wake and the rotor blades. Several studies proposed a method to predict the
loading noise harmonics [25, 26]. In particular, Viterna developed a simple prediction code to
calculate the loading noise harmonics with the blade geometry and the operating condition [26].
Calculated noise levels with Viterna’s model showed good agreement with measured data. The
prediction of the loading noise harmonics, though, is unnecessary for a modern upwind wind
turbine.
For the prediction of wind turbine broadband noise, Grosveld first proposed a simple model
to calculate one-third octave band sound pressure level for turbulence inflow noise, trailing
edge noise, and trailing edge bluntness noise [27]. In this model, the turbulence inflow noise
was assumed as a point dipole, while the trailing edge noise and the bluntness noise were
obtained by integrating the noise components in the spanwise direction. The trailing edge noise
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model was made based on the model of Schlinker and Amiet [28]. The calculated noise spectra
were compared with measured data from MOD-0A, MOD-2, WTS-4, and USWP wind turbines.
Moreover, Lowson developed a prediction method for wind turbine aerodynamic noise [29].
The two dominant noise sources were modeled: trailing edge noise and turbulence ingestion
noise. The models for the trailing edge noise and the turbulence ingestion noise were based on
models by Brooks, Pope, and Marcolini [2] and Amiet [30], respectively. Prediction results for
the MOD-2 wind turbine were in good agreement with experimental data.
Recently, numerical predictions by use of empirical models were performed for calculating
the sound pressure level of wind turbine aerodynamic noise. Zhu et al. numerically modeled
the aerodynamic noise from a 300kW wind turbine using a semi-empirical model by Brooks,
Pope, and Marcolini [2], and they compared the predicted results with measurement data [6].
Although the semi-empirical model that they used was in terms of NACA0012 airfoil, they
successfully calculated the wind turbine noise by altering the input data of the boundary layer
displacement thickness so that it matched the data pertaining to the actual airfoil shape of the
wind turbine blade; the boundary layer parameters were calculated by XFOIL [31]. Oerlemans
and Schepers also predicted the noise from two large wind turbines using the same empirical
model [32]. They measured the wind turbine noise using a microphone array and then validated
the prediction results with experimental data.
Furthermore, Moriarty, Guidati, and Migliore utilized the TNO model for calculating the
trailing edge noise of a wind turbine [33]. The TNO model is originally proposed by Parchen
[34]. Although this model also has some empirical parameters, the authors claimed that this
model is more physical detail than the semi-empirical model by Brooks, Pope, and Marcolini.
In their study, they also proposed a prediction model for turbulence ingestion noise of a wind
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turbine. This model is a simplified form of the previous study by the authors [35]. This
prediction model can describe the effect of airfoil thickness on the turbulence ingestion noise.
In addition, a full numerical simulation was carried out by Fleig, Iida, and Arakawa to
predict noise radiated from a wind turbine [36]. They predicted the aerodynamic noise from a
16.5kW small wind turbine using a compressible large eddy simulation. Far-field noise was
calculated using a formulation based on the Ffowcs Williams and Hawkings equation [5].
However, because the computational cost of this method is considerably high, this numerical
simulation method is less favorable than the previous introduced models.
In the present study, a numerical method to predict the trailing edge noise from a wind
turbine is proposed. This model employs Amiet’s original trailing edge noise model [20, 21].
This trailing edge noise model has been widely used for predicting helicopter rotor noise [28],
propeller noise [37, 38], and fan noise [39, 40]. However, this original model has been rarely
applied to predicting wind turbine noise although this model is used for the basis of other
models such as Grosveld’s model. The reason may be that there were few models to correctly
predict the wall-pressure wavenumber-frequency spectrum, which is the input for Amiet’s
model. Recently, Rozenberg, Robert, and Moreau develop a wall-pressure spectral model for
the flow with adverse mean-pressure gradient (APG) [22]. This empirical model is known to
give a reasonable spectrum not only for a flat-plate but also airfoil geometries. Other noise
sources of the turbulence ingestion noise and the trailing edge bluntness noise are modeled by
Lowson’s model [29] and Brooks, Pope, and Marcolini model [2], respectively.

11
#

2.2 Numerical method
2.2.1 Trailing edge noise model
When a large wind turbine blade rotates in an open environment, turbulent boundary layers
typically develop on the blade surfaces. The turbulent eddies in these boundary layers are a
weak radiation source. However, as the turbulent eddies convect downstream, these eddies
interact with the trailing edge of the blade, and more sound is radiated. This sound is called the
turbulent-boundary-layer trailing edge noise, or the trailing edge noise. Various trailing edge
noise theories have been proposed to model this mechanism [20, 21, 41-43]. These theories
assume that the turbulent eddies convect in a frozen pattern as they pass the trailing edge. This
assumption makes it possible to decompose the total pressure field into an incident and a
scattered field. The problem then reduces to determining the scattered pressure resulting from
the assumed incident pressure field.
This study uses the model proposed by Amiet [20, 21]. This model assumes the airfoil is a
flat plate, and provides a chordwise surface pressure distribution on the flat plate. Although
this model is intended for an isolated airfoil, it can be extended to a rotor blade using a strip
theory approach, as employed in previous studies [28, 37, 40, 44].
Figure 2.1 presents a schematic for a flat plate in rectilinear motion. The plate is placed in
the plane x3

0 , and moves with velocity U in the negative x1 -direction. The trailing edge

of the plate is aligned with the x2 -axis, and the origin of the Cartesian coordinate system is at
the center of the trailing edge. The incident pressure jump due to turbulent flow at point y at
time t can then be described as
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Fig. 2.1. Schematic of the trailing edge noise model problem
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(2.1)

where p0 is the amplitude of the pressure wavenumber component, kc is the streamwise
convective wavenumber, k2 is the spanwise wavenumber, and Z is the angular frequency.
This surface pressure jump is the difference between the upper and the lower surface pressure.
According to Amiet’s model, the corresponding scattered pressure jump can be written as
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The total surface pressure jump is the sum of the incident and the scattered pressure jump.
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However, as suggested by Amiet [21], to reduce the abrupt increase in incident pressure at the
leading edge, the incident pressure jump is multiplied by an exponential convergence factor,

eH kc y1 , where H is a positive small value. This makes the incident pressure jump gradually
increase near the leading edge. Therefore, the total pressure jump becomes

ǻpt y1 , y2 , t

³³

f

f

i Zt  kc y1  k2 y2

p0e

^e

H kc y1

`

 1  1  i E* ª¬ y1 kc  P M  ] º¼ dkc dk2 . (2.4)

Based on the surface pressure jump in Eq. (2.4), Amiet calculates the far-field noise using
the acoustic analogy by Curle [45]. The detail procedure are explained in Ref. [30] and will not
be derived here. The final form of the far-field sound spectrum is
2

§ k Mx C · S d
S pp (x, Z ) ¨ 1 32 ¸
$ x1 , k1 , kc , k2
© 4SV c ¹ 2U c

2

)qq kc , k2 ,

(2.5)

where ࣦ is the effective lift, which is explained in Ref. [28].
The wall-pressure wavenumber-frequency spectrum, ) qq in Eq. (2.5) is the Fourier wavenumber spectrum of the incident pressure field on the surface. This spectrum can be empirically
modeled as the following equation provided that the convection velocity is constant [46].
Uc

) qq Z U c ,0
Here S qq Z

S

S qq Z l2 Z

(2.6)

is the wall-point pressure frequency spectrum, and l2 Z is the turbulence

correlation length in the spanwise direction [47]. The wall-point pressure frequency spectrum in
Eq. (2.6) is predicted by Rozenberg’s APG model [22]. In addition, the convection velocity, Uc
is a function of frequency, and this relationship is usually given by U c | 0.5U  0.7U for an
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airfoil. In this calculation, the convection velocity is assumed to be constant, and is set to

Uc

0.7U .
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2.2.2 Turbulence ingestion noise model
The turbulence ingestion noise is predicted by an empirical model proposed by Lowson [1,
29]. According to this model, the frequency spectrum can be expressed as
SPLTIN

§ K lc
SPL H, TIN  10log10 ¨
© 1  K lc

·
¸,
¹

(2.7)

with

SPL H, TIN

2
d
°
10log10 ® U02 c02lT 2 M 3 Dl w kˆ3 1  kˆ 2
re
¯°

7 3 °
½

¾  58.4 ,
¿°

(2.8)

where K lc is the low-frequency correction factor, lT is the atmospheric turbulence length
scale, w is the turbulence intensity, and k̂ is the normalized wave number. The atmospheric
turbulence length scale and the turbulence intensity are determined from an empirical model
using the ground roughness [48]. These are determined as follows:

25h0.35 z 0.063

lT

(2.9)

and
w

^0.24  0.096log

10

z  0.016 log10 z

2

30 z
` log
log h z

where z is the ground roughness and h is the height from the ground.
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(2.10)

2.2.3 Trailing edge bluntness noise model
A semi-empirical model proposed by Brooks, Pope, and Marcolini is used to calculate the
trailing edge bluntness noise [2]. This model is developed based on wind tunnel experiments
using a NACA0012 airfoil. With this semi-empirical model, the 1/3 octave band sound pressure
level of the trailing edge bluntness noise can be calculated as

SPL TEBN

§ h M 5.5 d Dh
10 log ¨¨ e
re2
©

§ he
·
§ he
·
St
¸¸  G4 ¨¨ * ,X ¸¸  G5 ¨¨ * ,X ,
St peak
¹
© G avg ¹
© G avg

·
¸,
¸
¹

(2.11)

where he is the bluntness height of the trailing edge, St is the Strouhal number based on the
*
trailing edge height, G avg is the average boundary layer displacement thickness of the suction

and the pressure side, and X is the solid angle between beveled surfaces near the trailing edge.
The function, Dh is the directivity function for high frequency noise, and G4 and G5 are the
functions that determine the peak level and the shape of the noise spectrum, respectively. The
details of the functions, Dh , G4 , and G5 are given in Ref. [2].
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2.2.4 Wall-pressure spectral model
In principle, the wall-point pressure frequency spectrum can be accurately obtained by wind
tunnel experiments or large eddy simulations. However, repeated tests under different
configurations are difficult to perform with experiments or extensive numerical simulations.
Accordingly, the present study adapts an empirical spectral model proposed by Rozenberg,
Robert, and Moreau [22]. This model is an extended version of Goody’s model [49] for the
flow with adverse pressure gradient. According to Rozenberg’s model, the wall-point pressure
spectrum can be expressed as

S qq Z U e

^2.82'

2
W max
G*

2

6.13' 0.75  F1
4.76Z 0.75  F1

A1

A2

`®¯4.2 §¨© 3' ·¸¹  1½¿¾Z
 C3cZ

A2

2

,

(2.12)

where

F1

§ 1.4 ·
4.76 ¨
¸
© ' ¹

A1 3.7  1.5Ec , A2

0.75

0.375 A1  1 ,
ª 19 º
min «3,
»7,
RT »¼
«¬

C3c 8.8RT0.57 .
In Eq. (2.12), Z is the non-dimensional circular frequency defined as Z ZG * U e , ' is the
ratio of the boundary layer thickness to the boundary layer displacement thickness, Ec is the
equilibrium parameter defined as Ec

T W w dp dx by Clauser [50], 3 is the wake strength

parameter, and RT is the ratio of the outer layer to inner layer timescale defined in Ref. [49].
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2.3 Model validation
2.3.1 Wall-point pressure spectrum with RANS simulation and XFOIL
The numerical method for predicting wall-point pressure spectrum of wing surfaces is
validated before predicting trailing edge noise. In order to utilize wall-pressure spectral model
proposed by Rozenberg, inner and outer boundary layer variables as well as pressure and skinfriction coefficients should be predicted. In this section, Reynolds-averaged Navier-Stokes
(RANS) simulation is carried out to obtain these variables. These variables are first validated
with experimental data to confirm that they are properly predicted, and then the predicted wallpoint pressure spectra are compared with experiment results.
A two-dimensional RANS simulation is carried out for NACA0012 airfoil using ANSYS
Fluent version 13.0, a commercial computational fluid dynamics (CFD) software. In all
computations presented in this section, the pressure-based coupled solver is used for improving
the rate of solution convergence. Turbulence is modeled using the k  Z shear stress transport
(SST) turbulence model because it is known that this model gives good results in adverse
pressure gradients flow, which is a typical flow around airfoils with positive angle of attack
[51]. The spatial discretization employs second-order schemes.
Figure 2.2 shows the mesh used in the computation. The computation domain extends to a
distance of 25 times the chord length from the airfoil in the wake zone and 18 times the chord
length in upper, lower, and forward directions. The y  value of the first cells above the wall
lies between 0.9 and 1.0, and the expansion ratio above the wall is less than 1.1.
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Fig. 2.2. Computational mesh: (a) entire domain (b) zoom on airfoil vicinity
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Fig. 2.3. Comparison of chordwise pressure distribution between the results of the two
simulations and experiments


Fig. 2.4. Comparison of skin friction coefficient between the results of the two simulations
and an experiment
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Moreover, XFOIL is used to calculate the velocity profile and pressure distribution on an
airfoil [31]. XFOIL is a well-known open-source program for airfoil analysis by a viscousinviscid coupling approach. The viscous formulation of XFOIL consists of three integral
boundary layer equations: the momentum thickness, the kinetic energy shape parameter, and
the maximum shear stress coefficient equations. It also utilizes the en method for the prediction
of transition location. For use in this study, XFOIL is modified by the author, so it can calculate
various boundary layer variables and wall-point pressure frequency spectrum.
All calculations are made for a NACA0012 airfoil at a zero angle of attack but with different
inflow velocities. The inflow velocities are chosen to match the Reynolds number to that of
experimental cases. First of all, the chordwise pressure distribution obtained from the RANS
simulation is compared with that from two experiments. The Reynolds number based on the
chord length for an experiment by Gregory and O’Reilly [52] was Re

2.88 u 106 , and that for

6

an experiment by Ladson et al. [53] was Re 6.0 u 10 . The boundary layer was not tripped in
both cases. The comparison of chordwise pressure distribution between the results of the
simulations and the two experimental cases is shown in Fig. 2.3; In both calculations the
6

Reynolds number for the simulation is Re 6.0 u 10 . A good agreement of the pressure
coefficients is obtained between the two simulation results and the experimental data.
In addition, the skin friction coefficients obtained from the two simulations are compared
with that from an experiment by Becker [54], as plotted in Fig. 2.4. The experiment was carried
out at a Reynolds number of Re 1.025 u107 with forced transition occurring at 0.2 of the
chord length. Because the k  Z SST model cannot take into account laminar turbulent
transition, the RANS simulation result gives poor agreement with the experimental result in
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laminar and transitional regions. A large discrepancy is also found in transitional region
between the result obtained by XFOIL and the experimental result. However, these
discrepancies become small near the trailing edge, where the values are used for the prediction
of surface pressure spectrum.


Fig. 2.5. The RANS simulation results for (a) pressure, (b) tangential velocity, and (c) shear
stress along the upper side of NACA0012 airfoil
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Fig. 2.6. Comparison of boundary layer thickness, displacement thickness, and momentum
thickness between the results of the two simulations and experiments

24

#

Furthermore, an in-house post-processing code for the RANS simulation is developed to
determine the edge of the boundary layer and calculate the boundary layer parameters. Pressure,
tangential velocity, and shear stress along the upper side of the airfoil is obtained as shown in
Fig. 2.5. The edge of the boundary layer is then determined when the shear stress is less than a
criterion value between 0.001 and 0.00001. The boundary layer variables obtained from the
RANS simulation are selected at 99.6% chord from the leading edge.
Using these results, the validation of the boundary layer thickness, displacement thickness,
and momentum thickness is carried out with a comparison with the experiments of Brooks,
Pope, and Marcolini [2] and Brooks and Hodgson [55], plotted in Fig. 2.6. For the cases of the
tripped boundary layer of Brooks et al. and Brooks and Hodgson, forced transitions were
achieved at 20% and 15% chord from the leading edge, respectively. For the case of XFOIL
forced transition is assumed at 20% chord the leading edge, and the boundary layer variables
are extracted at the trailing edge. The comparison results show that the boundary layer
displacement thickness and momentum thickness agree well, while the boundary layer
thickness does not. In particular, this discrepancy is considerable at Reynolds numbers below
about one million. However, this difference is small at high Reynolds number in which wind
turbine blades operate.
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Fig. 2.7. Chordwise distributions of the inner and outer boundary layer variables obtained
from RANS simulation and XFOIL: (a) boundary layer edge velocity, (b) pressure at the
wall, (c) skin friction coefficient, (d) boundary layer thickness, (e) boundary layer
displacement thickness, (f) boundary layer momentum thickness, (g) wall shear stress, (h)
maximum shear stress, (i) ratio of timescales of pressure, (j) Reynolds number based on Ue
and T , (k) Clauser’s parameter, (l) wake strength parameter
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Finally, the wall-point pressure frequency spectrum is calculated using the model
proposed by Rozenberg [22] and compared with the result of the experiment by Brooks and
Hodgson [55]. The validation case is an inflow velocity of U

69.5m/s . To utilize the wall-

pressure spectral model, boundary layer variables are first calculated by RANS simulation
and XFOIL. The predicted chordwise distribution of the boundary layer variables are
plotted in Fig. 2.7. The maximum shear stress for XFOIL is calculated by using wall shear
stress and velocity profile in the boundary layer, instead of using shear stress coefficient,

CW . The predicted results of RANS simulation and XFOIL are somewhat different, but these
differences become small near the trailing edge. Figure 2.8 compares the velocity profile at

x / C 0.991 in the boundary layer between RANS simulation and XFOIL. It is seen that
the shear stress is the maximum at the wall for both simulations.


Fig. 2.8. Comparison of velocity profile at x / C 0.991 in the boundary layer between
RANS simulation and XFOIL
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Fig. 2.9. Comparison of wall-point pressure frequency spectrum between the results of the
two simulations and experiments by Brooks and Hodgson
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Figure 2.9 compares the wall-point pressure frequency spectrum between the experimental
data and the predicted results of RANS simulation and XFOIL. The results indicate that
Rozenberg’s model with RANS simulation or XFOIL gives better prediction than Goody’s
model. Note that the spectra obtained from XFOIL are little different from those from RANS
simulation.
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2.3.2 Trailing edge noise
In this section, the validation of the prediction method for trailing edge noise is performed
with a comparison with the result of the experiment by Brooks and Hodgson [55]. The
validation case is identical to the case of calculating Figs. 2.7 to 2.9. Thus, the boundary layer
variables used in this calculation can be found in Fig. 2.7. For the calculation of the wall-point
pressure frequency spectrum, the boundary layer variables calculated by the RANS simulation
and XFOIL are extracted at 99.5% and 99% chord from the leading edge, respectively.


Fig. 2.10. Measured and predicted far-field acoustic spectra of trailing edge noise
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The predicted narrowband spectra obtained from RANS simulation and XFOIL are
compared with the measurement data of Brooks and Hodgson in Fig. 2.10. The narrowband
spectrum calculated by Goody’s model is over 10dB lower than that of the experimental data
because this model does not reflect the pressure gradient near the trailing edge. On the other
hand, the narrowband spectra calculated by Rozenberg’s model agree well with those of the
experimental data. Although a discrepancy between the numerical results and the experimental
data is seen near 1kHz, predicting low frequencies of trailing edge noise is less important for
wind turbine noise because turbulence ingestion noise is typically dominant in this frequency
range.
In addition, a comparison is made with the experiment of Brooks, Pope, and Marcolini [2].
Figure 2.11 compares the measured and predicted 1/3 octave band spectra at inflow velocities
of U

71.3m/s and 39.6m/s . As it can be expected, the 1/3 octave band spectrum calculated

by RANS simulation agrees well with the experimental data. Moreover, a good prediction is
also achieved when XFOIL is used for the calculation of the wall-point pressure spectrum. In
particular, the accordance between the spectrum obtained from XFOIL and the experimental
data is excellent in high frequencies, while the spectrum obtained from RANS simulation drops
rapidly with frequency in high frequencies. From these results, it can be seen that Amiet’s
model with Rozenberg’s model whose boundary layer variables are obtained with XFOIL can
be a good numerical method to predict trailing edge noise.
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Fig. 2.11. Measured and predicted 1/3 octave band spectra of trailing edge noise for inflow
velocities of (a) 71.3m/s and (b) 39.6m/s
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2.3.3 Wind turbine aerodynamic noise
2.3.3.1 Noise measurement
To validate the numerical method for predicting wind turbine aerodynamic noise, noise
measurements were carried out with a 10kW three-bladed horizontal axis wind turbine [23].
This wind turbine, which was developed for an experimental purpose, is located in Gyeonggi
Province, Korea. Figure 2.12 presents a photograph of the wind turbine. The rotor diameter
and the hub height of the wind turbine were 8m and 18m, respectively. The wind turbine began
to rotate at a wind speed of 1.5m/s, and the rotational speed increased with an increase in the
wind speed. The wind turbine reached its rated rotational speed of 180RPM at a wind speed of
about 10m/s. After a wind speed of 12m/s, the wind turbine was stopped by yawing the rotor
from the wind direction.
At the test site, a computer was installed and connected to the wind turbine monitoring
system. This computer recorded the rotational speed and power output of the wind turbine.
Furthermore, an anemometer and a wind vane were mounted on the tower at a height of 10m
from the ground, as shown in Fig. 2.12. They were used to measure the wind speed and
direction at the site during the experiment. These data were also recorded in the computer in
one-minute intervals.
Acoustic signals were recorded by three sets of hand-held sound level meters (Brüel & Kjær
type 2250) with free-field microphones (Brüel & Kjær type 4190), as shown in Fig. 2.13. The
microphones were mounted on circular boards 1m in diameter and were connected to handheld sound level meters with extension cables. The microphones were covered with foam
windscreens to minimize the wind noise. Acoustic signals were recorded with a sampling rate
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Fig. 2.12. Photograph of a 10kW small wind turbine model

of 48 kHz. One microphone was positioned in the downwind direction at a distance of 22m
from the wind turbine, which is the reference position according to the IEC 61400-11 standard
[56]. The other two microphones were placed at an offset of 30 degrees from the downwind
position. When the wind turbine yawed more than 15 degrees from the initial position, the other
microphone close to the downwind direction took over the acoustic measurement.
The measured acoustic signals were divided into one-minute intervals. The 1/3 octave band
spectra were obtained from the acoustic signals. Using these spectra, the average 1/3 octave band
spectra were calculated for each integer wind speed bin. In addition to the measurement of acoustic
signals, inflow wind speed, power output, and wind turbine rotational speed were measured at
intervals of one minute. These data were recorded synchronously with the acoustic signals.
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Fig. 2.13. Noise measurement with a handheld sound pressure level meter and a microphone



Fig. 2.14. Schematics of wind turbine measurement and post-processing procedure
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2.3.3.2 Results
The measured power and the rotational speed of the wind turbine with respect to the wind
speed are presented in Fig. 2.15. Each point shown in Fig. 2.15 represents data averaged for
one minute. The electrical power began to be generated at a wind speed of about 3m/s and
increased with an increase in the wind speed. During the measurement, the wind speed rose to
about 7m/s. The corresponding rotational speed ranged from about 50RPM to 170RPM.
A strip theory approach is used to apply the two-dimensional models to rotating wind turbine
blades. Each blade is divided into 20 segments of equal lengths, and the three prediction models
for the trailing edge noise, turbulence ingestion noise and trailing edge bluntness noise are then
applied to the segments. The trailing edge noise is predicted by Amiet’s model, and the wallpoint pressure spectra are calculated by Rozenberg’s model with use of XFOIL. The prediction
code for wind turbine noise used in this work is integrated with XFOILfor fast calculations.


Fig. 2.15. (a) Measured power and (b) rotational speed with respect to wind speed
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A 1/3 octave band spectrum analysis was performed, as shown in Fig. 2.16. In the
experimental data, a large peak was found from 100Hz to 200Hz. This low-frequency noise is
the mechanical noise from the generator. However, this low-frequency mechanical noise
cannot be modeled in a numerical analysis because numerical predictions only include the
aerodynamic noise from the wind turbine rotor. Noted that the large peak due to mechanical
noise is not a typical characteristic of small wind turbines. The mechanical noise from the
10kW wind turbine was not reduced well, as it was developed for experimental purposes.
Except for the mechanical noise, the spectral trends of the prediction results agree well with
that of the experimental data. The results of the numerical prediction indicate that lowfrequency broadband noise was generated due to the turbulent ingestion noise, while the
turbulent-boundary-layer trailing edge noise influenced the high-frequency broadband noise.
Furthermore, trailing edge bluntness noise caused a quasi-tone in the frequency range of 1kHz
to 2kHz. However, at low wind speeds, the measured peak level for the trailing edge bluntness
noise was much higher than that of the prediction results. This error may stem from the fact
that the boundary layer displacement thickness was not predicted well at low wind speeds due
to a laminar-turbulent transition.
Note that for this small wind turbine, trailing edge noise is dominant in high frequencies
over 4kHz. For a typical large wind turbine, high frequency noise is less important because this
high frequency noise at immission points is greatly attenuated by atmospheric absorption.
However, because small wind turbines are generally located in the vicinity of a dwelling, the
high-frequency trailing edge noise can be an important noise source.
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Fig. 2.16. 1/3 octave band spectra of the measured data and the numerical predictions at wind
speeds of (a) 4m/s, (b) 5m/s, (c) 6m/s, and (d) 7m/s
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2.4 Results
2.4.1 Wind turbine model
Using the numerical method validated in the previous section, aerodynamic noise from a
large wind turbine is predicted in this section. The wind turbine model used in the calculation
is a 3MW three-blade horizontal axis wind turbine that has typical multi-MW wind turbine
characteristics. This turbine is a pitch regulated, variable speed type with a rotor diameter of
91.6m and a hub height of 90m. The specification of the wind turbine model is presented in
Table 2.1. Figure 2.17 shows the wind turbine blade planform for the 3MW wind turbine, and
the operating schedule for the pitch and rotational speed of the wind turbine is plotted in Fig.
2.18.

Table 2.1. Specification of the wind turbine model
Rated power

3MW

Rotor diameter

91.6m

Number of blades

3

Hub height

90m

Cut in wind speed

4m/s

Rated wind speed

13m/s

Cut out wind speed

25m/s
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Fig. 2.17. Blade planform for a 3MW wind turbine model



Fig. 2.18. Operating schedule of 3MW wind turbine: pitch angle and rotational speed
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2.4.2 Aerodynamic analysis
An aerodynamic analysis is first made to obtain the relative inflow velocity and effective
angle of attack of each segment. Aerodynamic power is calculated at wind speeds from 4m/s
to 15m/s using WINFAS [57], which is an in-house program using a vortex lattice method. The
calculated aerodynamic power is shown in Fig. 2.19. During the calculations, inflow wind
speed is assumed to be uniform over the rotor plane. It is shown that the shaft power increases
as the wind speed increases until the rated wind speed. Figures 2.20 and 2.21 present the
calculated sectional relative inflow velocity and effective angle of attack at three wind speeds,
respectively. It can be seen that the sectional inflow velocity and angle of attack increase with
increasing wind speed. These results will be used as input for the noise prediction.


Fig. 2.19. Calculated aerodynamic shaft power with respect to wind speed
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Fig. 2.20. Calculated sectional relative inflow velocity at three wind speeds



Fig. 2.21. Calculated sectional effective angle of attack at three wind speeds
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2.4.3 Noise prediction
Using the results of the aerodynamic analysis in the previous section, the aerodynamic noise
from the wind turbine is predicted in this section. First, noise is calculated with use of RANS
simulation at a wind speed of 14m/s. The predicted wall-point pressure spectrum are shown in
Fig. 2.22. The wall-point pressure spectra are obtained at x C 0.95 from the leading edge. It
is shown that the peak frequency and the magnitude of the power spectrum density increase as
the radial distance is close to the outboard region. Figure 2.23 presents the 1/3 octave band
spectrum of the trailing edge noise which is predicted using the wall-point pressure spectra in
Fig 2.22. The frequency spectrum of the turbulence ingestion noise calculated by Lowson’s
empirical model is also shown in Fig. 2.23. The observer is assumed to be located at the
reference position according to the IEC 61400-11 standard [56]; the observer is located in the
downwind direction, and the distance from the wind turbine to the observer position is equal
to the sum of the hub height and the rotor radius. The result indicates that low-frequency
broadband noise was generated due to the turbulent ingestion noise, while the turbulentboundary-layer trailing edge noise partly influenced the high-frequency broadband noise. This
trend is identical to that of previous studies [1].
The wind turbine aerodynamic noise is also predicted at the same inflow wind speed with
use of in-house code developed based on XFOIL. Figure 2.24 compared the trailing edge noise
between the 1/3 octave band spectra calculated by RANS simulation and XFOIL. As discussed
in the validation section, the trailing edge noise spectrum calculated by RANS simulation drops
more rapidly than that by XFOIL in high frequencies. Thus, the spectrum obtained from XFOIL
is more plausible than that from RANS simulation.
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Fig. 2.22. Predicted sectional power spectral density with RANS simulation


Fig. 2.23. (a) Predicted 1/3 octave band spectrum and (b) A-weighted 1/3 octave band
spectrum of trailing edge noise and turbulence ingestion noise with RANS simulation
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Fig. 2.24. Comparison of 1/3 octave band spectrum between RANS simulation and XFOIL



Fig. 2.25. (a) Overall sound pressure level (b) A-weighted sound pressure level of wind
turbine noise with respect to wind speed
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Moreover, the sound pressure levels of the trailing edge noise and turbulence ingestion noise
are calculated at wind speeds of 4 to 15m/s in Fig. 2.25. Because the wind turbine model is
variable speed type, the sound pressure level increases as the wind speed increases. At low
wind speeds the sound pressure level increases rapidly with increasing wind speed, while the
wind turbine noise maintains its sound level at high wind speeds. In addition, note that the
sound pressure level of turbulence ingestion noise is significantly higher than that of trailing
edge noise. On the other hand, the A-weighted sound pressure level of trailing edge noise is
comparable to that of turbulence ingestion noise.
Additionally, the sound pressure level with respect to the distance from the wind turbine is
plotted in Fig. 2.26. The wind turbine noise is predicted in the downwind direction at a wind
speed of 14m/s. It is seen that the sound pressure level decreases by 6dB per doubling of
distance. It is also of note that the sound pressure level of wind turbine aerodynamic noise
decreases in the vicinity of the wind turbine. This trend occurs because the wind turbine blades
radiate little noise in the plane of the rotor disk. The directivity of trailing edge noise and its
effect on the sound directivity of wind turbine noise will be discussed further in the next chapter.
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Fig. 2.26. (a) Overall sound pressure level (b) A-weighted sound pressure level with respect
to distance from the wind turbine in the downwind direction at a wind speed of 14m/s.
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2.5 Discussion
Using the numerical method proposed in this chapter, this study successfully predicts the
aerodynamic noise from wind turbines. This method gives more reliable results than other
methods for predicting trailing edge noise such as a semi-empirical formula proposed by
Brooks, Pope, and Marcolini. Because the semi-empirical formula was made based on
experiments for measuring noise from NACA0012 airfoil models, it was questionable whether
the application of this formula to other airfoils is appropriate or not. On the other hand, the
surface pressure spectral model proposed by Rozenberg, Robert, and Moreau is an empirical
model made from several numerical and experimental cases. Thus, this model would be more
suitable for the prediction of wind turbine aerodynamic noise.
Moreover, the computational cost of the proposed method with RANS simulation is much
lower than that of methods using direct numerical simulations or large-eddy simulations. In
particular, the wind turbine noise can be calculated in less than a minute provided that the wallpoint pressure spectrum is obtained with XFOIL. Hence, the prediction code developed based
on XFOIL in this work could be used when fast computation is necessary, such as the design
optimization of wind turbine blades.
However, more studies are still needed to predict wind turbine noise accurately using the
proposed method. Although Rozenberg’s APG model can take into account adverse pressure
gradient flow, this model cannot be applied when the angle of attack is high or the flow is
stalled. For wind turbine blades, the angle of attack can be high enough to be stalled in inboard
regions, as shown in Fig. 2.20.
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It should be noted that this study only predicts the aerodynamic noise from wind turbines.
In a real wind turbine, noise is also emitted from the generator or gearbox in a nacelle, which
is typically classified as mechanical noise. Thus, the sound pressure level of the noise measured
from a real wind turbine can be higher than that predicted in this chapter. In addition, the sound
pressure level of turbulence ingestion noise can vary depending on atmospheric conditions such
as turbulence intensity and turbulence length scale.
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Chapter 3
Time domain simulation of
wind turbine noise

3.1 Introduction
3.1.1 Amplitude modulation of wind turbine noise
In the previous chapter, the aerodynamic noise from a typical 3MW wind turbine was
predicted at various locations. From the numerical results, it is found that the sound pressure
level of the wind turbine aerodynamic noise is rather low compared to other community noise
sources. The A-weighted sound pressure level is about 40dBA at a distance of 400m from the
wind turbine. Nevertheless, despite this low sound pressure level, several field studies have
showed that wind turbine noise can annoy residents near wind farms [7, 8, 58]. They claim one
of the reasons for this annoyance is that wind turbines generate a periodic swishing sound at a
blade passing frequency.
In the vicinity of a wind turbine, the swishing sound can be easily heard due to the rotational
motion of wind turbine blades. As an observer becomes more distant from the wind turbine, this
swishing sound is difficult to perceive. However, van den Berg [7, 8] reported that at night a
periodic thumping sound is heard at distances of more than 1km from the wind farm although in
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daytime the wind turbine noise is only perceivable within a few hundred meters. He maintained
that this thumping sound has a more impulsive character compared than the reported swishing
sounds. These swishing or thumping sounds are called the amplitude modulation of wind turbine
noise. Figure 3.1 presents the A-weighted sound pressure level of wind turbine noise observed
by van den Berg when the noise contains the amplitude modulation [7].
Since van den Berg first reported the thumping sound, several other researchers have also
investigated the amplitude modulation of wind turbine noise. Di Napoli carried out noise
measurement for a wind turbine in Finland, finding that the amplitude modulation is observed
at a distance of 530m [9]. Larsson and Öhlund measured wind turbine noise at two wind farms
for one year in Sweden and observed the amplitude modulation depending on propagation
paths and meteorological conditions [10].




Fig. 3.1. The amplitude modulation of wind turbine noise observed by van den Berg [7]
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Several previous studies [7, 58] have argued that the amplitude modulation of wind turbine
noise may increase noise annoyance. Pedersen and Persson Waye [58] performed a field study
to evaluate the prevalence of annoyance caused by wind turbine noise. The result of their study
suggested that wind turbine noise is more annoying than other community noise sources with
the same A-weighted sound level. They mentioned that one of the reasons for this result could
be the presence of the amplitude modulation of wind turbine noise.
Indeed, amplitude modulated sound is generally known to be more annoying than unmodulated sound. Kantarelis and Walker examined the source of difference between the
annoyance of diesel and electric train noises [59]. They suggested that the amplitude
modulation in diesel engine noise is the reason for the extra annoyance. The annoyance caused
by the diesel train noise decreased as the modulation depth was reduced from 13dB to 5dB.
Furthermore, Bradley investigated the influence of amplitude modulated low-frequency sounds
from heating, ventilation, and air conditioning (HVAC) systems on annoyance, finding that
annoyance is correlated with both the sound pressure level and the amplitude modulation of
the noise from HVAC systems [60]. In particular, for wind turbine noise, Lee et al. investigated
the relation between noise annoyance and the amplitude modulation of wind turbine noise [61].
They performed a listening test to examine the annoyance caused by the amplitude modulation
of wind turbine noise. The experimental results suggested that the swishing sound could cause
additional annoyance. Thus, in order to evaluate the effect of wind turbine noise on people,
there needs to be a better understanding of the characteristics of the amplitude modulation in
wind turbine noise.
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3.1.2 Literature review
Although several studies have investigated the characteristics of the amplitude modulation
by measuring wind turbine noise, but the cause of the amplitude modulation is still not clearly
known [7, 62, 63]. Dunbabin performed an experiment to record noise from a 400kW wind
turbine [62]. From the noise measurement taken at a distance of 30m from the wind turbine, it
was argued that the amplitude modulation is dominant in the 1~2kHz frequency bands, and
that the modulation has no relation to the blade passing the tower. Van den Berg maintained
that the thumping sound is due to the stable atmospheric conditions at night because a periodic
thumping sound is heard especially at night at long distances from a wind farm [7, 8].
Notably, Oerlemans et al. conducted acoustic measurements on a wind turbine using a
microphone array in order to characterize the noise sources of the wind turbine [63]. The wind
turbine tested had a rotor diameter of 58m, and the measurements were carried out at a distance
roughly equal to one rotor diameter. The results of the study showed that convective
amplification and trailing edge noise directivity are the main causes of the periodic swishing
sound. However, because the noise measurements were performed only in the vicinity of the
wind turbine, this study could not confirm whether the source of the thumping sounds, i.e. the
amplitude modulation of wind turbine noise which is heard at long distances from wind
turbines, is convective amplification and trailing edge noise directivity or stable atmospheric
conditions.
Recently, Laratro et al. discussed possible reasons that have been suggested to explain the
amplitude modulation of wind turbine noise [64]. These include the sound directivity of trailing
edge noise, turbulence ingestion noise due to atmospheric turbulence or the wake of upstream
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turbines, dynamic stall noise, and blade vortex interaction noise. In particular, they claimed
that turbulence ingestion and dynamic stall due to the wake of upstream turbines can be a
source of the thumping sound. However, an experimental or numerical study is further needed
to verify this hypothesis.
To date, a number of studies have numerically calculated aerodynamic noise from wind
turbines as introduced in the previous chapter [6, 27, 29, 32-36, 65]. However, only a few
studies have predicted the amplitude modulation of wind turbine noise. Oerlemans and
Schepers [32] calculated the swish amplitude of wind turbine noise using a semi-empirical
model proposed by Brooks, Pope, and Marcolini [2]. They claimed that in the crosswind
direction, wind turbine noise retains the amplitude modulation even at long distances. However,
it is still not known why the perceived sounds are different and how they differ depending on
observer locations.




Fig. 3.2. Possible cause of the amplitude modulation of wind turbine noise at long distances
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3.1.3 Research objective
In this chapter, to compare the acoustical characteristics of wind turbine noise depending
on the observer location, the aerodynamic noise from a wind turbine is numerically modeled
in the time domain [24]. Time domain simulation is an appropriate method to model the
amplitude modulation of wind turbine noise, because it can not only give good predictions
about the temporal variation of wind turbine noise, but allows us to actually hear the amplitude
modulation of the predicted signals. This helps us to better understand the acoustical
characteristics of the wind turbine noise with respect to the distance and direction from the
wind turbine. From this understanding, it will be investigated why the thumping sound is heard
at long distances from a wind turbine. To examine the main cause of the thumping sound among
the possible reasons, the numerical simulations are carried out for four calculation cases.
A simplified analytic models proposed by Amiet [20, 21] and Amiet [30] are used to obtain
the unsteady pressure on the blade surfaces due to the trailing edge noise and the turbulence
ingestion noise, respectively. The wall-point pressure spectrum used in the trailing edge noise
model is predicted by Rozenberg’s APG model with XFOIL, which is introduced in the
previous chapter. The far field noise due to the unsteady surface pressure is then calculated
using the Ffowcs Williams and Hawking equation [4].
In the following section, the two noise models for the unsteady pressure on blade surfaces
is presented. Formulation 1A [66, 67], one of the integral forms of the Ffowcs Williams and
Hawkings equation, is introduced for the numerical calculation of acoustic pressure.
Furthermore, validation of the numerical prediction model is carried out using experimental
data from Brooks and Hodgson [55] and Paterson and Amiet [68]. The sound directivity for

55

#

the two noise sources is also examined by looking at the same validation test cases. In Chapter
3.3, the numerical prediction model for an isolated airfoil is extended to predict rotor broadband
noise, using a strip theory approach. After a brief introduction of the wind turbine model and
the calculation cases, the aerodynamic noise from the wind turbine is calculated at a number
of observer locations. Using these results, the characteristics of the amplitude modulation of
wind turbine noise are discussed in Chapter 3.4.
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3.2 Numerical method
3.2.1 Trailing edge noise model
The model proposed by Amiet [20, 21] is again used for the modeling of the trailing edge
noise. In order to solve Eq. (2.4), it is necessary to integrate in two wavenumber dimensions.
However, because the surface pressure spectrum in the boundary layer is at its strongest within

Z Uc , k2 0 [47], it is possible to simplify the equation

the convective ridge centered on kc
into
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where U c is a convection velocity. The convection velocity is again assumed to be constant,
and is set to Uc
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Equation (3.2) is numerically integrated by the method described in earlier work [69]. This
is given by
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) qq kc , n ,0, kcU c 'kc , \ n are independent random variables uniformly

distributed at > 0, 2S @ , kc , n are the streamwise convective wavenumbers, and N is the number
of computing wavenumbers [69]. The complex conjugate of the Fresnel integral in Eq. (3.3)
can be numerically calculated in the way described in [70]. Hence, the real value of Eq. (3.3)
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is the fluctuating pressure on the surface, and this is used as the input for the calculation of the
far-field acoustic pressure.
The wall-pressure wavenumber-frequency spectrum, ) qq is modeled in the same manner
described in Chapter 2.2.1. The spectrum is modeled as Eq. (2.6), and the wall-point pressure
frequency spectrum is predicted by Rozenberg’s APG model.
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3.2.2 Turbulence ingestion noise model
For the modeling of the turbulence ingestion noise, an analytic model proposed by Amiet is
used [30]. Figure 3.3 presents a schematic of the turbulence ingestion noise model problem for
a flat-plate in rectilinear motion. The plate is placed in the plane x3

0 , and moves with

velocity U in the negative x1 -direction. The leading edge of the plate is aligned with the x2 axis, and the origin of the Cartesian coordinate system is at the center of the leading edge.
Starting from the convected wave equation for the perturbation potential [47, 71] and using the
solution of Schwartzschild [71, 72], the surface pressure jump due to turbulent inflow at point
y at time t is described as

'pa ( y1 , y2 , t ) 2U0U

³³

f

f

i k Ut  k y
w k1 , k2 g y1 , k1 , k2 e 1 2 2 dk1dk2 .


Fig. 3.3. Schematic of the turbulence ingestion noise model problem
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(3.4)

In the same manner previously described in Chapter 3.2.1, the integration with respect to k2
is neglected, and then Eq. (3.4) becomes

'pa ( y1 , t ) 2SU0U

³

f

f

w k1 ,0 g y1 , k1 ,0 eik1Ut dk1 .

(3.5)

Again, Eq. (3.5) is numerically integrated by the method described in a previous study
[73], which is given by

'pa ( y1 , t ) | 4SU0U

N

¦A

n ,0 g

y1 , k1,n ,0 e

i k1, nUt \ n

,

(3.6)

n 1

where An ,0

S ww k1, n ,0 'k1 , \ n are independent random variables uniformly distributed

at > 0, 2S @ , k1,n are the streamwise wavenumbers, and N is the number of computing
wavenumbers [73]. The transfer function g y1 , k1, n , 0 is selected as the first two terms of
Adamczyk’s solution, which can be used for P ! 0.4 [74]. This is given by

g1  g 2 e

g y1 , k1, n ,0

^

i 2 Pn 1 M y1 / C  4 S  k1, n

`,

where

g1 y1 , k1, n

g2 y1 , k1,n

1
2S k1, n y1 1  M C

1  1  i E* ¬ª4Pn 1  y1 C ¼º
.
2S k1,n 1  M

60

#

,

(3.7)

3.2.3 Acoustic formulation
The Ffowcs Williams and Hawkings equation [4] is used to calculate the sound radiated by
wind turbine blades. This equation determines the far-field acoustic pressure generated by solid
bodies in arbitrary motion. According to [4], the far-field acoustic pressure, pc x, t

is

expressed in a differential form as

,2 pc x, t
where

,2 { 1 c02

w
w
w2
ª¬ pij niG g º¼ 
ª H g Tij º¼ ,
ª¬ U0vnG g ¼º 
wt
wxi
wxi wx j ¬

(3.8)

w 2 wt 2  2 is the d’Alembertian operator, c0 is the ambient speed of sound,

U 0 is the ambient density, and the symbols vn , pij , and Tij in each bracket are the normal
velocity on the surface, the local gage surface pressure, and Lighthill stress tensor, respectively.
In the above equation, g is defined as g

0 and g n on the solid surface, where n is the

unit outward normal vector from the surface.
The three terms on the right of Eq. (3.8) are the sources of the sound, and they are known as
the thickness, loading, and quadrupole source terms, respectively. Among the noise sources,
the trailing edge noise mechanism when the flow is at low Mach number is known to be closely
associated with the loading source term [69]. Thus, this study neglects the thickness and
quadrupole terms, and we only consider the loading source in Eq. (3.8).
Formulation 1A of Farassat is used to numerically calculate the far-field acoustic pressure
in Eq. (3.8) [66, 67]. Formulation 1A is one of the integral forms of the Ffowcs Williams and
Hawkings equation, which is well suited for numerical calculations. By using this equation, the
far-field acoustic pressure in Eq. (3.8) can be expressed as
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(3.9)

ret

where x and y are the observer and the source locations, respectively; r
radiation distance; dS is an element of surface area of blade; and rˆ

xy

x  y is the

x  y is the unit

radiation vector. The subscript r indicates a component in the radiation direction, and the dots
represent a derivative with respect to the source time. The square brackets

> @ret

indicate that

the integration is evaluated at a retarded time. The surface pressure vector, p in Eq. (3.9) is the
real value of 'p y1 ,W in Eqs. (3.3) and (3.6) in the normal direction from the surface.
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3.2.4 Validation
3.2.4.1 Trailing edge noise
Before rotor noise predictions, the validation of the numerical prediction method for a twodimensional flow is carried out via a comparison with the result of the experiment by Brooks
and Hodgson [55]. They performed extensive experiments to measure trailing edge noise from
NACA0012 airfoil models. The case of interest here is the tripped boundary layer case of the
2D sharp trailing edge model at a zero angle of attack. The span and the chord length of this
airfoil model is 0.46m and 0.6096m, respectively. The inflow velocity used in the validation
case is 69.5m/s.
For the numerical prediction of the trailing edge noise, the airfoil is modeled as a flat-plate
grid which has the same span and chord length as the experiment model. The rectangular
surface grid is uniformly applied not only in the spanwise direction, but also in the chordwise
direction. The longest chordwise grid is sufficiently small to resolve the highest frequency, i.e.
the maximum grid length is smaller than ON 10 . The maximum frequency for the acoustic
prediction is set to f N

10kHz . The frequency range is divided into N 1000 partitions for

numerical integration. Consequently, the bandwidth and the minimum frequency become

f1 'f

10Hz . The wall-point pressure frequency spectrum is calculated using XFOIL in the

same way as Chapter 2.3.1. The calculation is performed during one period of the minimum
frequency, i.e., T

0.1 .
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Fig. 3.4. Predicted time domain signal of trailing edge noise




Fig. 3.5. Comparison of 1/3 octave band spectrum between experimental data and numerical
prediction in the frequency and time domain
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Figure 3.4 shows the predicted acoustic pressure for an observation position at x

(0,0,1.22) .

Figure 3.5 compares the 1/3 octave band spectra between the experimental data and the
numerical results calculated in the frequency and time domain. It is seen that the sound pressure
level predicted by time domain simulation agrees well with those obtained by original Amiet’s
frequency domain model.


Fig. 3.6. Streamwise trailing edge noise directivity in the mid-span plane for frequencies of
(a) f 100Hz , (b) f 500Hz , (c) f 1000Hz , and (d) f 5000Hz
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As the amplitude modulation of wind turbine noise seems to be produced in the main part
by the trailing edge noise directivity, it is important to properly predict this sound directivity
for modeling the amplitude modulation. Hence, this study also investigates the sound
directivity of the model airfoil. The acoustic pressure is predicted in the same way as the
previous validation, except the observer location is different. Unlike the validation case, the
noise is calculated in the range from I1

0q to 360q in step of 1q . The radiation distance from

the trailing edge is the same as the validation case, i.e. r 1.22m . Next, the narrowband
spectra for each acoustic pressure are obtained by applying a fast Fourier transform to the
acoustic signals. Each frequency component is then extracted at each observer location. The
directivity is determined by the root-mean-square pressure of the narrowband spectrum.
Figure 3.6 shows the streamwise noise directivity for the frequency bands at 100, 500, 1000,
and 5000Hz. Each curve is normalized by its maximum value. For low frequency bands, the
directivity appears to be similar to a dipole source. On the other hand, as the frequency
increases, multiple lobes emerge and the directivity becomes similar to a cardioid pattern. This
trend is identical to those observed in previous studies [75].

3.2.4.2 Turbulence ingestion noise
The validation of the numerical method for the prediction of turbulence ingestion noise is
also performed with a comparison with the experimental result of Paterson and Amiet [68]. A
comparison is made with the case of the 2D NACA0012 airfoil at a zero angle of attack. The
span and the chord length of this airfoil model is 0.53m and 0.23m, respectively. The inflow
velocities used in the validation case is 165m/s.
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The acoustic pressure is predicted in the same way as the previous section although an
observation position is change to x

(0.115, 0, 2.25) . However, to correct shear layer effect

discussed in Ref. [76], the amplitude and the microphone position are corrected by the methods
proposed in Ref. [68]. Detailed descriptions of the correction procedure are explained in the
literature [73], and they will not be discussed here.


Fig. 3.7. Comparison of 1/3 octave band spectrum between experimental data and numerical
prediction in the frequency and time domain
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Fig. 3.8. Streamwise turbulence ingestion noise directivity in the mid-span plane for
frequencies of (a) f 100Hz , (b) f 500Hz , (c) f 1000Hz , and (d) f 5000Hz

Again, a comparison is made between the experimental data and the numerical results
calculated in the frequency and time domain, as shown in Fig. 3.7. The result shows that the
difference of the sound pressure levels predicted by the time domain simulation and by the
original Amiet’s frequency domain model is less than about 1dB . Moreover, the streamwise
directivity for the turbulence ingestion noise is also examined, as shown in Fig. 3.8. Frequency
dependent directivity pattern of turbulence ingestion noise is similar to that of trailing edge
noise. However, because the sound is mainly generated at the leading edge, the direction of the
main lobe is inverted. This trend is identical to those observed in previous studies [73].
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3.2.5. Calculation case
3.2.5.1 Rotor noise prediction
The wind turbine model used in the calculation is a 3MW three-blade horizontal axis wind
turbine that has typical multi-MW wind turbine characteristics. This turbine is a pitch regulated,
variable speed type with a rotor diameter of 91.6m and a hub height of 90m. In this study, noise
is predicted at a wind speed of 14m/s at the hub height.
A strip theory approach is used to apply the two-dimensional noise model to the rotating
blades. The blades are divided into 20 segments of equal lengths. Each segment is modeled as
a flat-plate grid, as shown in Fig. 3.9. Because the blade span is very large compared to the
turbulence correlation length in the spanwise direction, it is assumed that the fluctuating surface
pressure has no correlation not only between the segments, but also between the blades. The
inflow velocity and the effective angle of attack are assumed as uniform in each segment, and
they are calculated by WINFAS. Various boundary layer parameters, which are necessary for
the prediction of the wall-point pressure frequency spectrum, are obtained with XFOIL code.




Fig. 3.9. Rectangular surface grids for modeling of the wind turbine blade
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The calculations are performed for a duration of one-third of a rotation, i.e., T 1/ f BPF . The
maximum frequency and the frequency bandwidth are set to f N
respectively. The time step is set to 'T

3kHz and 'f

10Hz ,

0.16667ms , which satisfies the Nyquist sampling

criterion. Moreover, for the calculation of air absorption, it is assumed that the air temperature
is 15qC , the relative humidity is 60% , and the air pressure is one standard atmosphere. The
approximate attenuated sound levels are determined by the multiplication of the attenuation
coefficients and the radiation distance in kilometers [77]; this is set as the distance between the
center of the rotor hub and an observer location. The calculated acoustic signals are filtered by
a finite impulse response filters with an arbitrary magnitude to apply the attenuated sound
levels. In addition, acoustic reflections from the ground and acoustic refraction caused by wind
and temperature gradients were not considered in this calculation.




Fig. 3.10. Atmospheric-absorption attenuation coefficients when air temperature, relative
humidity, and air pressure are 15qC , 60%, and one standard atmosphere, respectively
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3.2.5.2 Calculation cases
A total of four cases are calculated to examine the main cause of amplitude modulation in
wind turbine noise, as shown in Table 3.1. Case I defines when uniform inflow is ingested into
the rotor disk. Because atmospheric turbulence does not exist, trailing edge noise is the only
noise source, and turbulence ingestion noise is excluded in this case. This case will help to
reveal the existence of the amplitude modulation of wind turbine noise at long distances.
Case II also calculates trailing edge noise only, but this case assumes that the rotor blades
are stationary in motion. It is the wind turbine blades that rotate in a real case, but in this case
it is assumed that the blades are stationary in motion even though the sectional inflow and
effective angle of attack are the same as the real case. This case is performed to investigate the
relative contribution of convective amplification and trailing edge noise directivity.
In Case III, the wind turbine noise is predicted when wind speed varies with height above
the ground. In a real environment, the mean wind speed increases as the height increases. The
velocity profile is typically influenced by a roughness length and atmospheric stability
condition. The trailing edge noise from the wind turbine blades is calculated in two atmospheric
conditions, which are a stable and an unstable conditions.
Furthermore, Case IV evaluates the effect of turbulence ingestion on the amplitude
modulation of wind turbine noise. Because turbulence ingestion will introduce another noise
source at the blade leading edge, this case calculates not only the trailing edge noise, but also
the turbulence ingestion noise from the wind turbine blades. The results will be compared with
that of Case I.
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Table 3.1. Four calculation cases for the time domain simulation
Trailing
edge noise

Stationary
in motion

Vertical
wind shear

Turbulence
ingestion noise

Case I

{

¯

¯

¯

Case II

{

{

¯

¯

Case III

{

¯

{

¯

Case IV

{

¯

¯

{
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3.3 Results
3.3.1 Case I—Uniform inflow
3.3.1.1 IEC 61400-11 reference position
The acoustic pressure due to trailing edge noise is predicted when the inflow is uniformly
ingested into the rotor disk. First al all, the observer is assumed to be located at the reference
positions according to the IEC 61400-11 standard, R 135.8m [56]. Atmospheric attenuation
is not considered in this calculation as the observer is close to the wind turbine. For this case,
the maximum frequency of the acoustic pressure is set to 5kHz for the demonstration purpose.
The predicted acoustic signal is shown in Fig. 3.11. The acoustic signal are also presented as
an audio clip at Aud. 3.1. It can be seen that the acoustic signal is amplitude modulated at a
blade passing frequency of 0.785Hz.

Aud. 3.1. https://drive.google.com/folderview?id=0B1dAuFX-upUweUoySUFnbGJGSEk&usp=sharing
This audio is an acoustic signal, which is predicted at the reference positions according to
IEC 61400-11. The calculations are performed for a duration of one rotation. This is a file
of type “wav”.

73

#


Fig. 3.11. Predicted acoustic pressure at the IEC 61400-11 reference position


Fig. 3.12. Comparison of 1/3 octave band spectra between original Amiet’s model and time domain
simulation. Upper and lower bars represent the maximum and the minimum sound pressure levels
of LFAST in each frequency spectrum. It should be noted that the maximum and minimum sound
pressure levels in each frequency spectrum do not occur at the same time.
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Moreover, one-third octave band frequency spectrum is calculated to analyze the predicted
signal in the frequency domain. Figure 3.12 compares the one-third octave band spectra
calculated from the time domain simulation and the original Amiet’s model. It can be seen that
the sound pressure level obtained from the time domain simulation is slightly higher than that
from the original Amiet’s model in low frequency region, while the time domain simulation
severely under-predict sound pressure levels in high frequencies. However, because at long
distances from wind turbines most of the high-frequency noise is attenuated due to atmospheric
attenuation, these large discrepancies may not be a serious problem to assess the wind turbine
noise.
In addition, the modulation depth, which is defined as the difference between the maximum
and the minimum sound pressure levels of LFAST in each frequency spectrum, is also shown in
Fig. 3.12. It is found that the amplitude modulation exist in all frequency bands and the
modulation depth increases as the frequency increases. This is due to the frequency dependency
of the trailing edge noise directivity; the directionality of trailing edge noise increases as the
frequency increases, as previously shown in Fig. 3.6.

3.3.1.2 Noise characteristics with respect to distance and direction
The acoustic signals are calculated at distances of R 135.8m , 250m , 500m , and 1000m
from the wind turbine at azimuthal intervals of '< 15q . The sound pressure level and the
modulation depth of the predicted signals are presented in Fig. 3.13. The figure shows that the
A-weighted sound pressure level reaches its maximum in the upwind and downwind directions,
while it reaches its minimum in the crosswind direction. On the other hand, the modulation
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depth is greatest in the crosswind direction, whereas it is small in the upwind and downwind
directions.


Fig. 3.13. (a) The sound pressure level and (b) the modulation depth of the predicted acoustic
signals. The azimuth angle, < is defined as the angle between the rotor axis and the line
connecting the wind turbine to the observer. The wind is blowing from the < 180q
direction. The modulation depth is defined as the difference between LAFmax and LAFmin.

Furthermore, the acoustical characteristics of the amplitude modulation in wind turbine noise
are evaluated in terms of observer locations by comparing a part of the predicted signals
presented at Aud. 3.2 and 3.3. In the vicinity of the wind turbine (Aud. 3.2), the amplitude
modulation is detected from all azimuthal directions. These sounds are similar to a typical
swishing sound. On the other hand, at long distances from the wind turbine (Aud. 3.3), the
amplitude modulation is hardly perceived in the upwind, downwind, and crosswind directions;
the amplitude modulation disappears in the upwind and downwind directions, and the noise
level is too low to be heard in the crosswind direction. Nevertheless, even at long distances the
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amplitude modulation is still audible in other directions. In addition, these sounds are no longer
similar to the swishing sound. They are low-frequency amplitude-modulated sounds, as most
of the high-frequency noise is attenuated due to air absorption.
Aud. 3.2. https://drive.google.com/folderview?id=0B1dAuFX-upUweUoySUFnbGJGSEk&usp=sharing
This audio is the sum of 13 acoustic signals, which are predicted at a distance of

R 135.8m with an azimuth angle ranging from <

0q to < 180q at intervals of 15q .

Each signal repeats three times, and there is an interval of one second between different
signals. This is a file of type “wav”.

Aud. 3.3. https://drive.google.com/folderview?id=0B1dAuFX-upUweUoySUFnbGJGSEk&usp=sharing
This audio is the sum of 13 acoustic signals, which are predicted at a distance of

R 1000m with an azimuth angle ranging from <

0q to < 180q at intervals of 15q .

Each signal repeats three times, and there is an interval of one second between different
signals. This is a file of type “wav”.

These characteristics can also be confirmed as one-third octave band frequency spectra.
Figure 3.14 presents the one-third octave band frequency spectra of the sound pressure level
and the modulation depth predicted at distances of R 135.8m and 1000m with azimuth
angles of <

0q and 60q . In the vicinity of the wind turbine (Fig. 3.14(a)), the modulation

depth is large in downwind and crosswind directions. However, at long distances from the wind
turbine (Fig. 3.14(b)), the modulation depth becomes small in downwind direction, while the
strength of the amplitude modulation is still maintained in crosswind direction.
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Fig. 3.14. 1/3 octave band frequency spectra of the sound pressure level and the modulation
depth predicted at distances of (a) R 135.8m and (b) R 1000m



3.3.1.3 Noise source distribution
The noise source distribution on the rotor disk is calculated to examine how the amplitude
modulation in wind turbine noise is generated depending on the observer location. First of all,
the acoustic pressure generated by each segment is calculated individually during the one-third
of a rotation period. Because each three-blade was divided into 20 segments, a total of 60
acoustic signals are recorded. Moreover, during the calculation, the positions of all 60 segments
are also recorded at each time step. It is assumed that the sound from the segments is generated
at the center point of the segments. Each acoustic signal and the corresponding position records
are then averaged over a time interval of one-twelfth of the total period. Consequently, the
average level is the sound pressure level due to a segment during the set interval, and the
corresponding average position is the location where the sound is generated.
The source distributions of different observer locations are compared in Fig. 3.15. The
asymmetry of the source distribution along the azimuthal direction is clearly apparent in the
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figures. This asymmetry is the cause of the amplitude modulation. The red contours in the
figures indicate the regions at which the swishing sound is generated. The locations and the
shapes of these regions are dependent on the observer position. These regions correspond to
the positions where the blade approaches the observer.
The results indicate that the asymmetric shapes are different with respect to the distance and
direction from the wind turbine. In the downwind direction ( < 0q ), the asymmetry of the
source distribution along the azimuthal direction gradually disappears as the distance increases.
On the other hand, the strength of this asymmetry remains the same in the < r60q directions,
or it slowly decreases but does not disappear in the < r30q directions. Note that the
locations on the rotor where the maximum sound levels are generated vary as the distance to
the observer increases. In the direction where the blade passed downward ( 0q  <  180q ), this
location rises to the top of the rotor disk as the distance increases. On the other hand, in the
direction where the blade passed upward ( 180q  <  360q ), this location moves slightly
towards the bottom of the rotor disk as the distance increases.
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Fig. 3.15. Level difference between the calculated source distribution and the average sound
pressure level of the rotor disk. The source distributions are calculated at three distances in
five directions. For each source distribution, the average level of the total segment for the
overall time is subtracted from the sound pressure level distribution on the rotor disk. This
makes it possible to compare source distributions whose overall sound levels are different.
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3.3.1.4 Noise index for the amplitude modulation of wind turbine noise
As we heard from the previous section, wind turbine aerodynamic noise is inherently
amplitude modulated sound. Because the amplitude modulated sound is easily perceived and
may increase noise annoyance, a noise index for wind turbine noise should reflect the strength
of the amplitude modulation as well as the sound pressure level. However, A-weighted sound
pressure level (LAeq) cannot properly consider the amplitude modulation characteristics. For
example, when we hear the predicted sound at a distance of 1km (Aud. 3.3), the sound in the

< r60q directions seem more distinct than that in the downwind direction. Nevertheless, the
A-weighted sound pressure level in the downwind direction is higher than that in the <

r60q

directions.
Motivated by this limitation, a listening test was carried out to find a noise index that is
correlated with annoyance caused by wind turbine noise [78]. The stimuli are generated by the
time domain simulation method described in this paper. LAeq, loudness, fluctuation strength,
and LAFmax are the candidates for the possible noise index. Details test procedure are explained
in Ref. [78] and will not be described here. The results of the listening test showed that LAFmax
is the most correlated with the level of noise annoyance for the amplitude modulated wind
turbine noise, as shown in Fig. 3.16. This result proposes that the level of noise annoyance can
be well explained by the maximum noise level, rather than by the average noise level.
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Fig. 3.16. Correlation between four noise metrics and noise annoyance using linear
regression analysis: (a) LAeq, (b) loudness, (c) fluctuation strength, and (d) LAFmax [78]



Using this as a background, the comparisons among the LAeq, LAFmax, and modulation depth
are made in terms of the distance and direction from the wind turbine in Fig. 3.17. As we have
seen from the previous section, the A-weighted sound pressure level (LAeq) is maximum in
downwind direction; LAeq at 1km from the wind turbine in downwind direction is about

3 ~ 4dB higher than that in in the < r60q directions. In contrast, because the modulation
depth increases as the observer moves to the crosswind directions, the maximum A-weighted
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sound pressure level (LAFmax) is maximum in the <

r60q directions; LAFmax at 1km from the

wind turbine in the < r60q directions is about 2 ~ 3dB higher than that in downwind
direction. Consequently, it is likely that LAFmax is more appropriate than LAeq to evaluate the
sound directivity in terms of noise annoyance. It is also expected that the level of annoyance
by wind turbine noise is maximum in the <

r60q directions.

Fig. 3.17. Comparison of the LAeq, LAFmax, and modulation depth in terms of the distance and
direction from the wind turbine
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3.3.2 Case II—Stationary in motion
Case II assumes that the wind turbine rotor is stationary in motion. At each time step, the
wind turbine blades are positioned simply by multiplying the rotational speed by the time. In
other words, for this assumption the retarded time is set to zero during calculations.
The acoustic signals are calculated at distances of R 135.8m and 1000m from the wind
turbine at azimuthal intervals of '< 15q . The sound pressure level and the modulation depth
of the predicted signals are compared with those of Case I, as shown in Fig. 3.18. The result
show that the sound directivity of Case II is similar to that of Case I; the sound pressure level
is maximum in downwind direction, while it is minimum in crosswind direction.
However, the modulation depth greatly decreases as the wind turbine rotor is assumed to be
stationary. In Case II, the modulation depths are almost zero in downwind directions
irrespective of the distance from the wind turbine to the observers. This shows that the effect
of the convective amplification is more significant on the amplitude modulation of wind turbine
noise than that of the trailing edge noise directivity. Although the trailing edge noise directivity
influences on the generation of the amplitude modulation, its effect is limited compared to the
convective amplification, and it only influences in crosswind directions.
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Fig. 3.18. Comparison of (a) The sound pressure level and (b) the modulation depth of the
predicted acoustic signals between Case I and Case II. 
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3.3.3 Case III—Vertical wind shear
In Case III, to examine the effect of atmospheric stability on the amplitude modulation of
wind turbine noise, the trailing edge noise from the wind turbine blades is calculated in two
atmospheric conditions, which are a stable ( D

0.4 ) and an unstable ( D

0.07 ) conditions.

The wind profiles corresponding to the two atmospheric conditions are obtained using an
atmospheric power law, as shown in Eq. (3.10).
D

U

§ h ·
U hub ¨ ¸
©H¹

(3.10)

Figure 3.19(a) shows the wind speed with respect to height from the ground in the two
atmospheric conditions. The sectional inflow velocity and effective angle of attack in these two
inflow conditions are calculated by WINFAS. Figure 3.19(b) presents the predicted variation
of sectional effective angle of attack at r R 0.90 . The results shows that the difference
between the maximum and minimum effective angle of attack in a stable and an unstable
atmosphere is about 3.9q and 0.7q , respectively. In contrast, the sectional inflow velocity was
little influenced by the vertical wind shear.
Using the predicted sectional inflow velocity and effective angle of attack, the acoustic
pressure radiated from the wind turbine blades is calculated in the same manner. The acoustic
signals are calculated at distances of R 135.8m and 1000m from the wind turbine at
azimuthal intervals of '< 15q . Figure 3.20 presents the maximum A-weighted sound
pressure level of the predicted signals in terms of inflow wind conditions and compared with
that of Case I. For an unstable atmosphere, the LAFmax is little different from that obtained for
uniform inflow condition. However, a different trend is observed for a stable atmosphere. For
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a stable atmosphere, the LAFmax is increased to 2dB in the < 60q direction, while it is
decreased to 3dB in the < 60q direction. This is due to the change of the effective angle of
attack at positions where the swishing sound is generated.

Fig. 3.19. (a) Wind speed with respect to height from the ground and (b) the variation of
sectional effective angle of attack at r R 0.90


Fig. 3.20. The comparison of the maximum A-weighted sound pressure level in three inflow
wind conditions at two distances from the wind turbine.

87

#



Fig. 3.21. Calculated source distributions on the rotor disk at R 1000m : (a) Unstable,
< 60q ; (b) Unstable, < 0q ; (c) Unstable, < 60q ; (d) Stable, < 60q ; (e) Stable,
< 0q ; (f) Stable, < 60q



To examine the reason why the LAFmax varies, the noise source distributions on the rotor disk
is calculated with respect to observer direction and atmospheric condition, as shown in Fig.
3.21. For the < r60q directions the locations at which the noise from the wind turbine rotor
is a maximum are the top and the bottom of the rotor, respectively. For a stable atmosphere the
effective angle of attack increases at the top of the rotor and decreases at the bottom. Thus,
depending on the observer direction from the wind turbine, LAFmax varies due to the change of
the noise source strength.
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Aud. 3.4. https://drive.google.com/folderview?id=0B1dAuFX-upUweUoySUFnbGJGSEk&usp=sharing
This audio is the sum of 6 acoustic signals, which are predicted at a distance of

R 1000m . The signals are presented as the following order: unstable, < 60q ; stable,
< 60q ; unstable, < 0q ; stable, < 0q ; unstable, < 60q ; stable, < 60q . Each
signal repeats three times, and there is an interval of one second between different signals.
This is a file of type “wav”.

Moreover, the predicted acoustic signals for the two atmospheric conditions can be heard in
Aud. 3.4. It is discernible that the maximum sound level is increased or decreased due to the
stable atmospheric condition. Note also that in a stable atmosphere the amplitude modulated
sound is heard twice in the <

60q direction. This secondary amplitude modulated sound is

produced because the additional asymmetry of the source distribution is introduced when the
blades moves to the top of the rotor disk. As a result, for a stable atmosphere the frequency of
the amplitude modulation of wind turbine noise can be twice the blade passing frequency in
the direction where the blade passed upward.
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3.3.4 Case IV—Turbulence ingestion
Case IV examines the effect of turbulence ingestion on the amplitude modulation of wind
turbine noise. During the operation of a wind turbine, the turbulence can be ingested to the
rotor disk due to wakes from other wind turbines or atmospheric turbulence. Thus, depending
on the atmospheric or operation condition, turbulence ingestion noise may or may not be
generated.


Fig. 3.22. Comparison of 1/3 octave band frequency spectra between frequency domain
modeling and time domain modeling
The use of Amiet’s turbulence ingestion noise model enables us to predict the acoustic
pressure because this model gives the unsteady pressure on the blade surface. However, this
model does not predict well the sound pressure level at low Mach number due to the flat-plate
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assumption [68]. On the other hand, the model proposed by Lowson [29], which is a simple
empirical form based on the Amiet’s model, is designed for the prediction of wind turbine noise,
so this model is suitable for the prediction of one-third octave band frequency spectrum. Thus,
in this work, to obtain the frequency spectrum properly with the Amiet’s model, the parameters
used in the Amiet’s model are arbitrary chosen to result in the best agreement with the
prediction with Lowson’s model. The one-third octave band spectrum obtained from the time
domain modeling is compared with that from the frequency domain modeling, as shown in Fig.
3.22. The comparison result of the turbulence ingestion noise shows that the discrepancy is less
than 2dB except at low frequencies.


Fig. 3.23. The A-weighted sound pressure level of the trailing edge noise and turbulence
ingestion noise at two distances from the wind turbine
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Fig. 3.24. The modulation depth of the trailing edge noise and turbulence ingestion noise at
two distances from the wind turbine



Fig. 3.25. The maximum A-weighted sound pressure level of the trailing edge noise and
turbulence ingestion noise at two distances from the wind turbine
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Figures 3.23 and 3.24 compare the A-weighted sound pressure level and the modulation
depth of the trailing edge noise, turbulence ingestion noise, and their summation at two
distances from the wind turbine, respectively. Due to the existence of the turbulence ingestion
noise, the A-weighted sound pressure level increases for all distances and directions, while the
modulation depth decreases. However, the maximum A-weighted sound pressure level shown
in Fig. 3.25 increases only in downwind direction, but it does not increase in the <

r60q

directions, where the amplitude modulation is mainly perceived. Hence, it is expected that the
annoyance caused by the amplitude modulation does not increase much due to the turbulence
ingestion noise.
To examine why the LAFmax increases little in the <

r60q directions, the noise source

distribution on the rotor disk is calculated for the trailing edge noise and the turbulence
ingestion noise at 1km from the wind turbine, as shown in Fig. 3.26. The calculated source
distributions reveal that the locations where the maximum sound levels are generated are
different in terms of the noise source. This difference is because the sound directivities of the
two noise sources are different from each other, as already shown in Chapter 3.2.4.
Consequently, in the <

r60q directions, the turbulence ingestion noise cannot influences at

the moment when the trailing edge noise is maximum.
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Fig. 3.26. Calculated source distributions on the rotor disk at R 1000m : (a) Trailing edge
noise, < 60q ; (b) Trailing edge noise, < 0q ; (c) Trailing edge noise, < 60q ; (d)
Turbulence ingestion noise, < 60q ; (e) Turbulence ingestion noise, < 0q ; (f)
Turbulence ingestion noise, < 60q
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3.4 Discussion
Using the proposed numerical method, this study successfully predicts the acoustic pressure
radiated from a wind turbine. Because this method provides us with the ability to actually hear
the noise from a wind turbine, the present results will be utilized to predict the adverse effect
of wind turbine noise on people before the construction of wind farms. Moreover, this study
can be used for other researches related to annoyance or perception of wind turbine noise. For
example, as already introduced in Chapter 3.3.1.4, Seong et al. produced acoustic signals by
using the method proposed in this study and performed a listening test with them to find a noise
index which is best correlated with noise annoyance.
The acoustical characteristics of wind turbine noise are quite different with respect to the
distance and direction from the wind turbine, although the operating and atmospheric
conditions are identical. In the vicinity of a wind turbine, typical swishing sounds are perceived
from all azimuthal directions. On the other hand, at long distances from a wind turbine, lowfrequency amplitude-modulated sounds are heard in particular directions. Moreover, in contrast
to the swishing sounds, these low-frequency sounds are heard only at the moments when the
sound pressure level is sufficiently high, e.g., when the blades pass the red contours shown in
Fig. 3.15. This effect may make the wind turbine noise seems more impulsive at long distances
despite the fact that its overall sound pressure level is low.
The results from this study clearly show that the amplitude modulation of wind turbine noise
can be heard even at long distances from a wind turbine, which confirms the previous reports
by van den Berg [7, 8]. However, although van den Berg suggested that the thumping sound
occurs due to excessive vertical wind shear at night, the numerical results from this study
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propose that even when a uniform wind is blowing into the rotor disk, different types of noise
can be heard depending on the observer location. Moreover, these results indicate that the
amplitude modulation greatly decreases provided that the wind turbine rotor is stationary. This
implies that the main cause of the thumping sound could be the convective amplification rather
than the trailing edge noise directivity or the strong wind shear.
Figure 3.27(a) and (b) present the variation of two angles, I1 and I2 with respect to rotor
azimuth, respectively, for an observer who locates at a distance of the hub height from the
turbine. Fig. 3.27(c) also shows the variation of 1 1  M r at the same distance, where M r is
the Mach number in the radiation direction. These three values are calculated at the center of
the outermost segment of the blade. It is clearly seen that all the three values vary considerably
as the blades rotate. This leads to the variation of the sound pressure level of trailing edge noise
and makes the periodic swishing sound. However, it is important to note that these variations
with respect to blade rotation are still present when the observer is located far from the turbine.
Figure 3.28(a), (b), and (c) show the calculated values for I1 , I2 , and 1 1  M r , respectively,
when the observer is at a distance of 1km from the turbine. Figures 3.27 and 3.28 demonstrate
that in the downwind direction the variation of the three values greatly reduces as the distance
increases. However, in other directions the variation does not decrease or it decreases slightly
but is still high enough to make the periodic swishing sound. This is why the amplitude
modulation in wind turbine noise exists even at long distances.

96

#

Fig. 3.27. Angles from (a) the x1 -axis and (b) x2 -axis of the outermost segment of the blade



to an observer at R 90m with respect to the rotor azimuth; (c) 1 1  M r of the outermost
segment of the blade to an observer at R 90m with respect to the rotor azimuth:
< 0q (), < 30q (— — —), < 60q (  ), and < 90q (—   —)



Fig. 3.28. Angles from (a) the x1 -axis and (b) x2 -axis of the outermost segment of the blade



to an observer at R 1000m with respect to rotor azimuth; (c) 1 1  M r of the outermost
segment of the blade to an observer at R 1000m with respect to the rotor azimuth:
< 0q (), < 30q (— — —), < 60q (  ), and < 90q (—   —)

Nevertheless, the strong wind shear additionally increases the strength of the amplitude
modulation in wind turbine noise. At long distances in the directions where the blade passes
downward, the amplitude-modulated sound occurs when the blades are at the top of the rotor
disk, as shown in Fig. 3.15. Hence, if the vertical wind shear is strong, the effective angle of
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attack at the top of the rotor disk will increase, as will the sound level of the amplitudemodulated sound in these directions. The numerical results indicate that for a stable atmosphere
of D

0.4 , the LAFmax is increased to up to 2dB in these directions. In addition, in the

downwind directions, sound rays are bent toward the ground in a strong wind shear [79]. This
effect will also raise the level of the amplitude-modulated sound in the downwind directions.
Furthermore, it is found that the effect of the turbulence ingestion on the amplitude
modulation is only a minor factor. The amplitude modulation caused by the turbulence
ingestion noise has a different phase from that by the trailing edge noise, so the LAFmax does not
increase in spite of the existence of turbulence ingestion. However, excessive turbulence
ingestion still has a possibility to increase the amplitude modulation if the level of turbulence
ingestion noise greatly exceeds that of trailing edge noise. More studies will be necessary to
identify the effect of excessive turbulence ingestion on the amplitude modulation of wind
turbine noise.
Although the amplitude modulation in wind turbine noise occurs as long as the wind turbine
operates, it will only be heard in certain directions. The results from this study indicate that the
modulation depth is large near the rotation plane. However, there is little possibility of
perceiving the sound in this direction, because the sound pressure level is too low; the overall
sound pressure level is less than 20dBA in the crosswind directions. On the other hand, in the
downwind direction, even though the sound pressure level is relatively high, the amplitude
modulation does not exist. Thus, this sound will be easily masked by background noise.
However, the amplitude modulation may be perceived in the directions of about < r60q . In
these directions, not only does the amplitude modulation exists, but also the sound level is
relatively high even at long distances from the turbine. Therefore, if the background noise level
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is quite low, there is a possibility of perceiving the amplitude modulation in these directions.
Detailed experimental observations would be required to validate this hypothesis.
In addition, whether the wind turbine noise is perceived or not depends on the one-third
octave band sound pressure level of the background noise. For a modulation frequency of 1Hz,
just-noticeable degree of amplitude modulation of white noise is 5% ( 'L 1dB ) when the
sound pressure level is over 30dB [80]. Accordingly, it can be estimated that the amplitude
modulation of wind turbine noise is perceived provided that the maximum A-weighted sound
pressure level (LAFmax) in any frequency band of wind turbine noise is roughly over 1dB higher
than the A-weighted equivalent sound pressure level (LAeq) in the same frequency band of
background noise.
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Chapter 4
Wind turbine noise
reduction techniques

4.1 Introduction
In the previous chapter, it was found that wind turbine noise can be heard even at long
distances due to the amplitude modulation of wind turbine noise. For this reason, reducing the
noise from wind turbines is important. Wind turbine aerodynamic noise can be reduced by
controlling the turbulence ingestion noise and the trailing edge noise. However, because the
turbulence ingestion noise has little relation to the shape of the wind turbine blade but is instead
largely dependent on the inflow velocity and the turbulence characteristics, reducing the noise
levels associated with it is difficult. On the other hand, the trailing edge noise can be reduced
by altering the turbulent boundary layer structure or the trailing edge shape.
For this reason, several attempts have been made to reduce the trailing edge noise by
modifying the airfoil shape or attaching noise reduction materials to the blades. Howe
analytically investigated the effect of serrated or sawtooth trailing edges on the trailing edge
noise reduction [11, 12]. Lutz et al. designed low-noise airfoils and conducted wind tunnel tests
to verify the noise reduction due to airfoil modification [13]. Bertagnolio et al. also designed
new airfoil to reduce trailing edge noise using an optimization algorithm [14]. Herr and
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Dobrzynski experimentally examined a brush-type trailing edge for the reduction of trailing
edge noise [15]. However, most of these studies have focused on two-dimensional flow, and
only a few studies have practically applied these techniques to an operating wind turbine, which
can be influenced by atmospheric conditions such as atmospheric turbulence [16, 17]. Thus,
more studies are needed to practically reduce the wind turbine aerodynamic noise.
The purpose of this study is to reduce the turbulent-boundary-layer trailing edge noise
generated from a 10kW wind turbine rotor [18]. The trailing edge noise is first reduced by
modifying the airfoil shape and the blade planform, while the operating schedule and the rotor
diameter remain fixed. To obtain the optimal designs of the airfoil shape and the blade planform,
optimization methods that involve genetic algorithms are used. In designing our optimal blade,
the optimized airfoil is first determined based on a section of the baseline blade. The optimal
blade is then designed with this optimized airfoil. The optimized blade design is verified with
wind tunnel experiments. Moreover, based on a 10kW wind turbine, a field experiment is
performed to examine the effect of trailing edge serrations on the wind turbine noise reduction
[19]. The serrated trailing edge extensions are designed for a tapered baseline blade, and they
are attached on the pressure side of the baseline blades. Noise measurement is carried out for
the baseline and serrated blades.

101

#

4.2 Design optimization of airfoil and blade planform
4.2.1 Airfoil design optimization
4.2.1.1 Airfoil optimization procedure
In order to reduce airfoil self-noise generated from the wind turbine blades, the blade section
is first modified from that of the baseline blade by using an optimization method. Because
trailing edge noise is mainly generated in the outboard region of wind turbine blades, the
outboard section should be redesigned for noise reduction. In this study, the blade section at

r R 0.75 is selected as the baseline airfoil. To modify the baseline airfoil, shape functions
are added linearly to the airfoil geometry by the method proposed by Hicks and Henne [81]. A
total of six shape functions, shown in Eq. (4.1), are applied to the upper and lower surfaces.

Fig. 4.1. Airfoil shape modification functions
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Y1 ( x )

x 0.5 1  x e 15 x ,

Y2 ( x) sin 3 S x0.25 ,
Y3 ( x) sin 3 S x0.757 ,
Y4 ( x) sin 3 S x1.357 ,
Y5 ( x)

x 0.5 1  x e 10 x ,

^

`

and Y6 ( x) sin 3 S (1  x)0.32 .
In Eq. (4.1), X i and Yi are the shape function coefficients and shape functions, respectively.
The six shape functions are plotted in Fig. 4.1.
A multi-island genetic algorithm is used to determine the optimal values of the shape function
coefficients [82]. The objective function for the optimization is defined as the overall sound
pressure level of the trailing edge noise. The Reynolds number, Mach number, and angle of attack
used in the calculation are 1.32 u106 , 0.167 , and 4q , respectively. These correspond to the
aerodynamic conditions of the blade section at r / R 0.75 for the rated wind speed. In addition,
the span and chord length used in the calculation are 3.6m and 0.3423m, respectively; this chord
length is identical to that of the blade section at r 0.75Rr . The observer is located upwards
from the trailing edge and the distance from the trailing edge to the observer is 3m.
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A semi-empirical model proposed by Brooks, Pope, and Marcolini [2] is used to predict the
overall sound pressure level of the trailing edge noise. They performed extensive wind tunnel
experiments to measure airfoil self-noise from NACA0012 airfoil models. The semi-empirical
model was made based on the results of these experiments. According to [2], the one-third
octave band sound pressure level (SPL) of trailing edge noise can be described by

SPLTEN 10log 10SPLD

10

SPL p 10

 10SPLs 10  10

(4.2)

where
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§ St s
10 log ¨¨ s 2
¸¸  B ¨
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© St 2
©
¹

·
¸  K2 .
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In Eq. (4.2), G * , St , d , D indicate the boundary layer displacement thickness, Strouhal
number, wing span, and streamwise noise directivity, respectively. The subscript p, s, and D
represent pressure side, suction side, and nonzero angle of attack effect, respectively. The
function A and B define the spectral shapes of the trailing edge noise. St1 and St 2 are the peak
Strouhal numbers where the trailing edge noise is maximum. K1 , K 2 , and 'K1 are empirical
constants to adjust the level of trailing edge noise. The definitions of the spectral curves, the
peak Strouhal numbers, and the empirical constants are detailed described in [2].
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For the directivity function, this model uses a cardioid-type directivity pattern, which is the
theoretical directivity for a semi-infinite flat plate. This directivity is based on the assumption
that the chord length is much larger than the dominant acoustic wavelength, which is not
satisfied in the present calculation. However, in the present case, the noise is predicted for an
observer normal to the airfoil chord, so that the results would be unaffected by this directivity;
the directivity function simply equals one.
The displacement thicknesses of the suction and pressure side boundary layers in Eq. (4.2)
are calculated by using XFOIL code [31]. The angle of attack used for the calculation of
boundary layer displacement thickness is based on the aerodynamic angle of attack at a zero
lift angle.
Although the sound pressure level of the trailing edge noise is reduced by using the
optimization procedure, the aerodynamic performance of the modified blade should not be
worse than that of the baseline blade. In this optimization procedure, a constraint condition is
chosen to not only maintain but also enhance the aerodynamic performance of the optimized
airfoil; this is shown in Eq. (4.3).

L Doptimized,D

4q

! L Dbaseline,D

4q

u160% 

(4.3)

where L and D are the lift and drag of the airfoil, respectively. XFOIL code is again used to
calculate lift and drag coefficients [31].
Moreover, the maximum thickness of the modified airfoil, tmax is also subject to a constraint.
If the maximum thickness of the optimized airfoil is thicker than that of the baseline airfoil,
there is a possibility of an increase in the blade weight. On the other hand, if the maximum
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thickness is thinner than the baseline, a structural problem may arise in the inboard region.
Thus, the constraint condition in this optimization procedure is chosen as shown in Eq. (4.4).

5% 

tmax  tmax,baseline
tmax,baseline

 5%

(4.4)

Although the object function is defined as the level of the trailing edge noise, the trailing
edge bluntness noise is also calculated for the purpose of evaluating the airfoil self-noise of the
baseline and optimized airfoils. The trailing edge bluntness noise is predicted by the same
model proposed by Brooks, Pope, and Marcolini [2]. The trailing edge thickness normalized
by chord length is 0.0082, and the flow angle is 22q , which is the solid angle of the airfoil
surface near the trailing edge.

4.2.1.2 Airfoil optimization result
Figure 4.2 presents the geometry of the baseline and optimized airfoils. The maximum
thickness is decreased from 21.6% to 20.8% in the optimized airfoil. The trailing edge thickness
and solid angle at the trailing edge change little after the optimization. Notably, the gradient of
the airfoil shape is reduced in the vicinity of the trailing edge.
The overall sound pressure levels of the airfoil self-noise with respect to angle of attack for
the baseline and optimized airfoils are shown in Fig. 4.3. The result indicates that the optimized
airfoil generated less noise than the baseline airfoil at positive angles of attack. The noise
reduction of 3.3dB is achieved at an angle of 4 q , which is the target angle for the optimization.
The reason for the noise reduction may be that the decrease of the gradient near the trailing
edge leads to a decrease in the boundary layer displacement thickness.
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Fig. 4.2. Geometries of the baseline and the optimized airfoils


Moreover, although trailing edge noise is the dominant noise source of the airfoil self-noise,
the trailing edge bluntness noise level becomes comparable to that of the trailing edge noise at
negative angles of attack. This condition occurs because the boundary layer is thin at a low
angle of attack, which leads to high ratio of trailing edge thickness to boundary layer
displacement thickness. The airfoil self-noise from the optimized airfoil is higher than that
from the baseline airfoil at negative angles of attack due to the high level of the trailing edge
bluntness noise. However, this noise increase would not be a problem because the angle of
attack of wind turbine blades is positive in typical operating conditions.
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Fig. 4.3. Overall sound pressure levels of the airfoil self-noise for the baseline and optimized
airfoil. The airfoil self-noise is the sum of trailing edge noise and trailing edge bluntness
noise.
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4.2.2 Blade design optimization
4.2.2.1 Blade optimization procedure
In the blade design procedure, the optimized airfoil obtained from the previous section is
identically applied to all the blade sections. The blade planform is then optimized to obtain the
blade that generates the least airfoil self-noise. The chord length distribution along the blade
span is modeled as a linear function, as seen in Eq. (4.5).

C c1 u r  rcut

Rr  c2 ,

(4.5)

where rcut is the distance between the hub cutout and the rotor center, and Rr is the rotor
radius. The twist distribution along the blade span is modeled to be inversely proportional to
the blade radius, as shown in Eq. (4.6).

W

t1 u r Rr

 t2

 t3 .

(4.6)

Thus, a total of five variables ( c1 , c2 , t1 , t 2 , and t3 ) are used in the optimization procedure.
To design an optimized blade which has a low noise level in a range of wind speeds, the
overall sound pressure levels of the trailing edge noise at wind speeds of 7m/s and 10m/s are
chosen as the objective functions. The optimization problem has two objective functions, so
the neighborhood cultivation genetic algorithm, which is effective for optimization problems
with more than one objective function, is used in this optimization procedure [83].
The trailing edge noise generated from the wind turbine blades is predicted at a reference
position according to IEC 61400-11 standard [56]. For the prediction of the trailing edge noise,
each blade is divided into 20 equally spaced segments. The semi-empirical model used in the
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previous section is then applied to each blade segment. One-third octave band spectra are
obtained by summing up all the noise spectra of the blade segments with respect to retarded
time. The inflow wind speed and the effective angle of attack at each blade segment, which is
necessary for the prediction of the trailing edge noise, are calculated by using an in-house
program which employed the blade element momentum theory.
Three constraints are imposed in the optimization procedure. First, to maintain the wind
turbine performance in all ranges of wind speeds, power outputs at wind speeds of 2.5, 4, 7,
and 10m/s are selected as constraints. In this study, to enhance the wind turbine performance,
the constraint conditions are set as in Eqs. (4.7a) to (4.7d).



P2.5m/ s ! P2.5m/ s,baseline u103% 

(4.7a)



P4m/ s ! P4m/ s,baseline u105% 

(4.7b)



P7 m/ s ! P7 m/ s,baseline u105% 

(4.7c)



P10m/ s ! P10m/ s,baseline u105% 

(4.7d)

where P is the rotor power. Furthermore, to avoid increasing the blade weight or applied load
to the blade root, the chord length and the solidity are selected as constraints, as shown in Eqs.
(4.8) and (4.9).

Croot ! Croot,baseline

(4.8)

V baseline u 95%  V  V baseline

(4.9)
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4.2.2.2 Blade optimization result
Figure 4.4 shows the chord and twist distributions for the baseline and optimized blades.
The twist angle for the optimized blade is increased from that for the baseline blade. The chord
length at the root is slightly longer than that of the baseline blade, whereas the chord length at
the blade tip is shorter than that of the baseline blade.
The numerical predictions of the overall sound pressure level for the baseline and optimized
wind turbines are plotted in Fig. 4.5. These predictions include not only trailing edge noise but
also trailing edge bluntness noise. The result indicates that the optimized wind turbine
generated less noise than the baseline wind turbine at most wind speeds. The airfoil self-noise
is reduced by 2.3dB at a wind speed of 10m/s . At wind speeds less than 5m/s , little difference
is observed between the sound pressure levels of the baseline and optimized blades. However,
in this range of wind speeds, the sound pressure level of the airfoil self-noise is small compared
with that of typical background noise. Thus, airfoil self-noise reduction at low wind speeds is
unnecessary in most situations.
In addition, the prediction results show that the trailing edge bluntness noise is negligible
compared with the trailing edge noise. However, for the optimized blade, the contribution of
the bluntness noise to the overall noise increased as the wind speed increased.
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Fig. 4.4. Chord and twist distributions for the baseline and optimized blades



Fig. 4.5. Predicted overall sound pressure levels for the baseline and optimized wind turbines.
The airfoil self-noise is the sum of the trailing edge noise and the trailing edge bluntness
noise
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4.2.3 Experimental results and discussion
A wind tunnel experiment was performed to validate the result of the design optimization
[18]. The experiment was carried out in a semi-anechoic wind tunnel at Chungnam National
University. Figure 4.6 shows a photograph of the wind tunnel test system and the semianechoic chamber. The wind tunnel has a cross section of 1.8m u 1.8m and is capable of
generating wind speeds of up to 35m/s . The anechoic chamber has a total volume of 211.9m3
and a cut-off frequency of 150Hz , which is far below the frequency of typical airfoil self-noise.
The baseline and optimized rotors were scaled down by a factor of 5.71 for the wind tunnel
test. The small-scale rotors had a diameter of 1.4m, and their rotational speeds ranged from
491RPM to 1473RPM. By increasing the rotational speed of the small-scale rotor, the tip speed
of the model blades was set to be equal to that of the full-size 10kW wind turbine blades.
Because the disk area of the small-scale rotors was smaller than the cross section of the wind
tunnel, the interaction between the rotor blades and shear layer turbulence was expected to be
negligible.
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Fig. 4.6. Configuration for the wind turbine rotor test stand in the anechoic wind tunnel [18]




Fig. 4.7. Comparison of power coefficients between the experimental data and prediction
results
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Fig. 4.8. Measured overall sound pressure levels for the baseline and optimized wind turbines




Fig. 4.9. Measured 1/3 octave band spectra for the baseline and optimized wind turbines
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Figure 4.7 compares the measured and predicted power coefficients with respect to tip speed
ratio. During the measurements, the wind speed was constant at 9m/s. An offset is found
between the measured and predicted results. This error is possibly due to the mechanical losses
in the rotor hub, which is not considered in the numerical predictions. Furthermore, the
numerical results indicate that the power output of the optimized blade is higher than that of
the baseline blade in the rated operating condition, which is at a tip speed ratio of about 7.5.
However, little difference between the power coefficients of the baseline and optimized blade
is observed in the experimental results.
Figure 4.8 shows the overall sound pressure level of the wind turbine noise with respect to
tip speed ratio. The airfoil self-noise is reduced by up to 2.6dB due to the design optimization.
The A-weighted one-third octave band spectra for the baseline and optimized blade are shown
in Fig. 4.9, which were measured at a tip speed ratio of 8. The large hump centered at about
4.5kHz is the noise source due to trailing edge noise. This hump decreased as a result of the
modification of the blade shape.
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4.3 Serrated trailing edge blade
4.3.1 Experimental setup
The wind turbine model used in this experiment is a 10kW small wind turbine, already
introduced in Chapter 2.3.3.1. Noise measurement is also carried out in the same manner
described in the previous section.
From the numerical predictions introduced in Fig. 3.15, it was shown that most of the
trailing edge noise is radiated from the outboard regions of the wind turbine blades. Little effect
is expected on the sound pressure level of the trailing edge noise provided that the serrated
trailing edge is applied to inboard regions. Thus, based on these predictions, the serrated trailing
edges were applied from 75% to the tip of the rotor blades.




Fig. 4.10. Geometry of serrated trailing edge
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The serrated trailing edges were designed as a typical sawtooth shape. For a tapered blade,
the width, Os and the height, 2hs of the serrated trailing edge can be defined in Fig. 4.10. To
maintain the ratio, O h , of the width to the amplitude of the serration along the spanwise
direction, both the width and height needed to uniformly vary along the radial direction. The
coordinates of P2 and P3 in Fig. 4.10 were defined as Eqs. 4.10 and 4.11, respectively.

P2 ( x, y) (Os 2, 2hs )
P3 x, y

Os cos J 1  Os cos J 2 cos S  J 1  J 2
1  cos 2 J 2

(4.10)
cos J 1 ,sin J 1

(4.11)

The angle, J 1 is the constant that is determined by the blade tapered angle, and J 2 is the one
defined by shape of the serrated trailing edge. For the blade used in this experiment, J 1 and

J 2 were defined as Eqs. 4.12 and 4.13, respectively.

J 1 tan 1

62.775
3.6deg.
1000

(4.12)

§ 4hs ·
¸  J1
© Os ¹

(4.13)

J 2 tan1 ¨

Two types of serration geometry were tested in this study. The ratios, O h , of the width to
the amplitude of the serration were selected to be 0.5 and 1.0. Although the blade chord length
varied along the blade radial position, the ratios remained the same along the blade span. The
height, 2hs , of the two serrations was set to be 15% of the local chord length. Furthermore, to
evaluate the effect of the serrated trailing edges on noise reduction, a rectangular plate was also
used to be attached to the blades. The rectangular plate had 1mm in thickness and 1m in span.
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Its length was set to the amplitude, h , of the serrated trailing edge. Thus, a total of four cases
were examined: the baseline blade, the two types of serrated trailing edges, and the rectangular
plate trailing edge. The geometries of the two serrated trailing edge plates are illustrated in Fig.
4.11. The upper rectangular part of the plates is the portion that is attached to the blades.


Fig. 4.11. Serrated trailing edge design: (a) O h 0.5 and (b) O h 1.0


Fig. 4.12. Photographs of serrated trailing edges (a) O h 0.5 , (b) O h 1.0 , and (c)
rectangular plate
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Wind turbine blades having trailing edge serrations were designed by attaching serrated
plates on the blades. The serrated plates were made of polycarbonate plastic with a thickness
of 1mm, as shown in Fig. 4.12. The plates were attached on the pressure side of the blades with
a double-sided film tape. The photographs of serrated trailing edge blade are shown in Fig.
4.13. The pressure side is selected because the turbulent boundary layer of the suction side
makes more noise than that of the pressure side. The plates were firmly fixed during turbine
operation, but could easily be detached by hand, when necessary. This enabled us to experiment
several trailing edge cases with a single wind turbine rotor.




Fig. 4.13. Photograph of (a) attachment of serrated trailing edge and (b) serrated trailing edge blade
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4.3.2 Results and discussion
The measured rotor power and sound pressure level were evaluated for the four trailing edge
shapes. Figure 4.14 shows the one-minute average rotor power in terms of wind speed.
Although the trailing edge plates were attached on the blades, the powers generated from each
of the four rotors were similar with respect to wind speed. This results indicate that attached
trailing edge plates had little effect on the wind turbine power curve. Figure 4.15 demonstrates
the one-minute average A-weighted sound pressure level with respect to rotational speed. It is
shown that the A-weighted noise level was reduced by up to about 5dB due to the use of the
serrated trailing edges. Noise reduction is maximized at rotational speeds around 130RPM.
However, it is unexpected that noise from not only the serrated blades but also the rectangular
trailing edge blade was reduced from that produced by the baseline blade.
To investigate these results in more detail, one-third octave band spectra were calculated as
shown in Fig. 4.16. The spectra were determined by taking energy average of one-minute
spectra for each rotational speed range. The results indicate that low frequency mechanical
noise was dominant in the range of 100~200Hz when the rotational speed was high. This low
frequency noise was consistent regardless of the blade trailing edge.
Furthermore, the difference between the noise spectra of the baseline blade and the
rectangular trailing edge blade may be explained by the noise reduction due to the decrease of
trailing edge bluntness noise. The trailing edge bluntness noise was one of the dominant noise
sources, although a previous study showed for a large wind turbine that the trailing edge
bluntness noise is unimportant [63]. Trailing edge bluntness noise is generated provided that the
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Fig. 4.14. Measured power for the baseline blade (black), the serrated blade of O h 0.5
(blue), the serrated blade of O h 1.0 (red), and the rectangular trailing edge blade (green)


Fig. 4.15. Measured A-weighted sound pressure level for the baseline blade (black), the
serrated blade of O h 0.5 (blue), the serrated blade of O h 1.0 (red), and the rectangular
trailing edge blade (green)
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Fig. 4.16. 1/3 octave band spectra with respect to wind turbine rotational speed: the baseline
blade (black), the serrated blades of O h 0.5 (blue), O h 1.0 (red), and the rectangular
trailing edge blade (green)
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height of the trailing edge is larger than about one-fifth of the boundary layer displacement
thickness [63]. The trailing edge of the blade used in the experiment had a round shape and a
diameter of about 4mm at the tip.
To compare the boundary layer displacement thickness and the trailing edge height for the
blades, the boundary layer displacement thickness of the outboard region was predicted using
the XFOIL code [31]. Table 4.1 presents the calculated boundary layer displacement thickness
at various wind speeds. In Table 4.1, the peak frequency represents the predicted peak
frequency for the trailing edge bluntness noise, and the minimum trailing edge height is the
estimated minimum trailing edge height at which the trailing edge bluntness noise occurs. The
results show that the ratios between the trailing edge thickness and the boundary layer
displacement thickness were over 0.2 at all wind speeds; this led to the generation of the trailing
edge bluntness noise.

Table 4.1. Normalized boundary layer displacement thickness, the ratio between the trailing
edge height and boundary layer displacement thickness, peak frequency, and the minimum
trailing edge height at wind speeds from 4m/s to 7m/s.
Wind speed (m/s)

G* C

he G *

Peak frequency (Hz)

hmin (mm)

4

0.0113

1.41

1270

0.566

5

0.0116

1.38

1390

0.580

6

0.0121

1.32

1480

0.605

7

0.0125

1.28

1580

0.626
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Fig. 4.17. (a) A-weighted sound pressure level of high-pass filtered sound and (b) zoom on
overlap region: the baseline blade (black), the serrated blades of O h 0.5 (blue), O h 1.0
(red), and the rectangular trailing edge blade (green)
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To remove the mechanical noise and evaluate the noise reduction effect, a high-pass filter
was applied to the measured signals. The stop band of the high pass filter was 250Hz. Using
the high-pass filtered signals, the A-weighted sound pressure level was again calculated in Fig.
4.17. Although the sound pressure level was not significantly reduced due to the serration in
the case of the serrated blade with a ratio of 1.0, the serrated trailing edge with a ratio of 0.5
influenced on the trailing edge noise reduction. The overall sound pressure level of the serrated
trailing edge blade was reduced by 1  3dB compared to the rectangular trailing edge blade.
This reduction of the sound pressure level is expected to be due to the reduction of the trailing
edge noise, which results from the trailing edge serrations.
Note also that, in practice, it is difficult to make blades with a sharp trailing edge because
wind turbine blades are typically made of fiber-reinforced plastic. For a typical wind turbine
blade, the trailing edge thickness is about 1mm to 3mm [1]. For large wind turbine blades, the
boundary layer displacement thickness is much higher than this range of thickness. However,
for small wind turbine blades, the trailing edge thickness should be less than 1mm to avoid
trailing edge bluntness noise. Therefore, the results of this study also indicate that for a small
wind turbine, trailing edge bluntness noise can easily occur unless the blades have very sharp
trailing edges.
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Chapter 5
Conclusions

The present study investigated the three topics related to aerodynamic broadband noise from
wind turbines. First, a numerical method to predict the wind turbine aerodynamic noise is
proposed using Amiet’s trailing edge noise model with Rozenberg’s wall-pressure spectral
model for the first time. For the validation of the numerical method, noise measurement was
also carried out for a 10kW wind turbine. From the comparisons of two-dimensional trailing
edge noise and wind turbine noise between the predicted results and the experimental data, it
was concluded that this numerical model not only gives a reliable prediction results, but also
is suitable when fast computation is necessary such as for use in industrial applications.
Accordingly, the prediction code developed based on XFOIL in this work could be used for
industrial applications.
Moreover, time domain simulations for the wind turbine aerodynamic noise were performed
to examine the main cause of the amplitude modulation of wind turbine noise, as well as to
compare the acoustical characteristics depending on the observer locations. From the numerical
simulations, it was found that low-frequency amplitude-modulated sounds can be heard even
at long distances from a wind turbine; these sounds would be the thumping sound reported in
the previous researches. Several calculation cases were also simulated to find the relative effect
on the generation of the amplitude modulation of wind turbine noise. It was concluded that
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convective amplification is found to be the main cause of the thumping sound rather than
trailing edge noise directivity, strong wind shear, or turbulence ingestion.
Furthermore, to reduce the wind turbine aerodynamic noise, an optimization method was
proposed to modify the airfoil shape and the blade planform of a 10kW wind turbine. From the
verification of the optimized blade design with wind tunnel experiments, it was confirmed that
the trailing edge noise from the wind turbine blades were reduced by up to 2.6dB due to the
design optimization. In addition, wind turbine blades with serrated trailing edge were also
examined for the noise reduction. A field experiment was carried out based on a 10kW wind
turbine. The experimental results indicated that the overall sound pressure level was reduced
by 1  3dB due to the serrated trailing edge. In conclusion, these methods will be useful for
reducing the wind turbine aerodynamic noise.
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क̈́ࡳҏؓԅ НӷऱȪ òɓ Ԫڗڍ
ӷԒê  ࣈیЕ  ؓۊɓळ ؞Ć

ԅ١ɓलāɓल٪
İØहèèलѪ
ڜոআ

ćϬ͑

ї ؞ĆȪ क̈́ࡳҏؓԅ НӷऱȪ èİल ۋòɓ Ԫ ؓڍɓऱۤ ؛ӡळɁ"
ऺԆ ڞۋʤ یԪ ڍϐɮê  ̈́פĆЦ ٿʅؓ ۋषळ ъ! ̈́פհࣩࢲ̵ ϐɮڋ
ӡٝऱ؛क̈́ࡳҏè̈́ԪߢثڋڍऱȪՎߩİлל۔ڋळɁ"҉̻ڜʫɄωؓԅڗ
ъ  ̈́פհࣩࢲ̵ʯ ڋĆऱİ ٷऱ ؛Reynolds-averaged Navier-Stokes չЂ̻ڜԟê
XFOIL ԪणࢲٰΆ ӡٝळɁ" ї İл ڊҘÝ ջ͜Ԓڦ ڜȪ İлڜЅ͐

Ӥ؋Øؓԅ॰ٝऱİۋषळİлڜɁ"Վߩİлٷڋܣ»ڗऱ؛10kWक̈́ࡳҏڋ
ɓӭ ͐ڈԪڈۡͩڜ ڜےߢ ڍχ  ڜΆ Зࡧ ےߢ ͐ڈɫ ߢث ؿࡳڜÑêΆ
ҍāळɁ" ߀۬ל۔  ͐ڈۋʎ İлڜ ڋٝऱ ؛3MW क̈́ࡳҏؓԅ НӷऱȪ
è̈́ԪڋڍɁळकԫêؓߩٷԅߢثळɁ"
˫ळ  ї ؞ĆؓԅȪ Վ ؓߩٷ ڪڍˁ΅ क̈́ࡳҏ Ԫॄڍ ڗڍलࢳ ڞۋԒڋ
ҍāऱÝक̈́ࡳҏԪࣼܦڗڍыۤ܄ڗ٪ۤڋڞӡऱİٷऱ؛क̈́ࡳҏԪڋڍ
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չ ؓاԅ ϐɮΕ ळɁ" ҉̻ڜʫ इω ڗҍےӭ  ڋ̈́פÑےऱİ ٷऱ؛
ऺԆڞۋʤیԪڍϐɮêƷͻڤٿԪڍϐɮڋӡٝऱÝ ҍےӭڗؓ̈́פऱ؛
ӷԒʍȪ ٪Ф ॄڍ ڊפڍӭӡлڜ ڋٝऱ ؛ØӤळɁ" 2 ރ٪ फ़ӭؓ ɓळ Ԫڍ
ϐɮڊհࢲΓڜڋ͒ڜٝऱیॸ؛ऱȪक̈́ࡳҏ҉̻ڜʫؓۋٝळɁ"ՎߩऺԆ
Ñê क̈́ࡳҏ ڗ٠·ۤاê ɓİۤ· ڜʅڟऱɁ ऱɝ̗ɻ क̈́ࡳҏ͐ڈѪࡳ
˗ܦՎڗڪڍµΎؿФॄؓˁ̗ԅक̈́ࡳҏԪॄڍڗڍलࢳڞۋԒڊΥٞɁΆ
Վ ڦɁȪ ½ ڋ८ڞळɁ" ї  ߢثÑêΆ Зࡧ  ͐ڈक̈́ࡳҏ Ԫࣼܦ ڗڍыۤ
क̈́ࡳҏ͐ڈѪࡳζΎ˗ؓܤܦԅɻʯΎȪٿڜΆѬԆळɁ"
ΖܤΗ  ͐ڈ10kW क̈́ࡳҏ ڋɓӭ ͐ڈʤیԪۊ ڋڍչࡖİ ٷऱیٿ ؛
ןÝΎ ڋܠİЛ͐ڈळ ߀ۋ७ İлڜ ڋٝऱ ؛क̈́ࡳҏ ҉̻ڜʫڝ ڗफ़ Ʉωê
थ̥ࣿڋՎےळɁ"εڜ̻҉ࡳ͐ۊʫڗळɄωؓɓळ߀ۋ७ʎ҉̻ڜʫफ़ӭڋ
ԋØऱÝ  ԋØʎ ߀ڝ ۋफ़ ڋЗࡧڜ̻҉ ۋ߀ ͐ڈʫΆ ԋØळɁ" ԋØʎ ߀ۋ
फ़ӭܣ» ڋऱİ ٷऱ ؛कʅ չॊɻ ՎूऱئɁ" ߉͐ ȷफ़ ʤܦ ڋی
क̈́ࡳҏ ҉̻ڜʫ Ԫ ؓۊ ڍЊߩȪ ॄاɻ ۤӡळɁ" ڜΆ ٷऱ ؛10kW
क̈́ࡳҏڋɓӭ͐ڈक़ڵչॊڋՎूळɁ"


ٖ܄.क̈́ࡳҏԪ ڍòɓԪ ڍԪ ۊڍʤیԪ ڍƷͻڤٿԪ ڍ
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