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Abstract

Increasing demand in renewable energy has resulted in large wind energy deploy-
ment. Even though wind turbines are among the most environmentally friendly way
of generating electricity, the noise emitted by them is one of the the main obstacles
for further installation. Wind farm developers rely on noise mapping tools for envi-
ronmental impact assessment studies. Inaccurate noise mapping during wind farm
development phase may result in under or overprediction of the sound pressure lev-
els. The former causes downregulation of wind turbines under certain atmospheric
conditions (e.g. for some incoming wind directions or time of the day). The lat-
ter causes turbines to be located at less resourceful sites in advance. Both of these
scenarios increase the cost of energy. Hence there is a need for more accurate noise
mapping tools. The thesis addresses this issue via development of a new tool based
on combined source, propagation and flow models.

The parabolic wave equation method is used for modelling the frequency de-
pendent wave propagation. Different numerical techniques such as FFT’s or finite
difference methods are implemented to solve the equations. The wind speed and tem-
perature distributions are obtained either from Large Eddy Simulation or Reynolds-
Averaged Navier-Stokes computations. The source levels and locations are obtained
from aeroelastically coupled semi empirical airfoil noise models. Via the developed
tool the effects of various atmospheric phenomena and turbine operation conditions
on far field noise are investigated. Classical propagation effects (i.e. shadow zones
at the upwind of the turbine, absorbing character of grass versus hard ground) and
source level changes due to the operational conditions are well captured. Addition-
ally, throughout the thesis the effects of wake on far field sound pressure levels are
addressed both in steady and unsteady manner. Enhanced far field amplitude mod-
ulation is observed and associated with the wake dynamics and the rotating blades.
Lastly, the developed tool is used for an onshore wind farm noise prediction taking
the terrain and the flow field around it into account.

ii
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Dansk resumé

Dget eftersporgsel 1 vedvarende energi har resulteret i stor udnyttelse af vinden-
ergi. Selvom vindmgller er blandt de mest miljgvenlige mader at generere elektricitet
pa, er den stgj, der udsendes af dem, en af de stgrste hindringer for yderligere in-
stallation. Vindmellepark udviklere er atheengige af stgjkortleegningsveerktajer til
undersggelser af miljokonsekvens. Ukorrekt stgjkortlzegning under vindparkens ud-
viklingsfase kan resultere i under eller overprediktion af lydtrykniveauerne. Den
ferstnaevnte forarsager nedregulering af vindmgller under visse atmosfaeriske forhold
(fx for nogle indkommende vindretninger eller tidspunkter pa dagen). Sidstnaevnte
forarsager at vindmeller bliver opstillet pa steder med facrre vindresourcer. Begge
disse scenarier gger omkostningerne ved energi. Derfor er der behov for mere praecise
stgjkortleegningsveerktojer. Afhandlingen omhandler dette problem via udvikling af
et nyt vaerktej baseret pa at kombinere kilde, udbredelses- og flowmodeller.

Den parabolske bglge lignings metode anvendes til modellering af frekvensafhaengig
balgeudbredelse. Forskellige numeriske teknikker sasom FFT’er eller Finite Differ-
ence implementeres for at lgse ligningerne. Vindhastigheden og temperaturfordelin-
gen opnas enten fra Large Eddy Simulation eller Reynolds-Averaged Navier-Stokes
beregninger. Kildeniveauerne og lokaliteterne er opnaet fra acroelastisk koblede semi
empiriske vingeprofil stgjmodeller. Via det udviklede vaerktej undersgges virkningerne
af forskellige atmosfaeriske faenomener og turbine operationsforhold pa stgj. Klas-

siske udbredelseseffekter (dvs. skyggezoner opstrgms for vindmellen, graes absorberende

karakter i forhold til hard jord) og eendringer i kildeniveauet pa grund af drifts-
forholdene er godt modelleret. Derudover behandles effekten af kelvandet pa ly-
dtryksniveauer langt nedstrgms bade pa en stabil og ustabil made. Forstaerket ampli-
tude modulering observeres og er forbundet med kalvandets dynamik og de roterende
blade. Endelig er det udviklede vaerktaj brugt til en prognose for vindmeglleparker pa
landomrader, hvor der tager hensyn til terrsenet og stremningsfeltet omkring det.

iii
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Executive Summary

This thesis investigates the long-range sound propagation of wind turbine noise from
source to receiver under various atmospheric conditions. The basis of the propagation
model is built on the parabolic wave equation (PE) method. This technique has
been extensively used in outdoor and underwater acoustics. It can take into account
the complex ground impedance over the whole source-receiver range, vertical and
horizontal sound speed profiles, turbulence, and irregular terrain. Although the
implementation of the PE method is relatively trivial, obtaining the aforementioned
inputs is the main challenge. The innovative contributions of this thesis are as follows:

1. The consideration of the background flow/wake unsteadiness: with increas-
ing computational resources, the representation of atmosphere within the PE
model has inevitably become more realistic. There are studies (though lim-
ited) that incorporated unsteady atmospheric input obtained from Large Eddy
Simulations to the PE method. Nevertheless, the interaction of wind turbines
with the atmosphere is another story. The complexity of wake evolution un-
deniably complicates the downwind sound propagation. The first significant
advancement that this work puts forward is the unsteady representation of
wake fields within PE via successive simulations. This allowed us to gain in-
sight of the wake effects on outdoor sound propagation and forced us to raise
more questions.

2. The consideration of the unsteady nature of wind turbine noise: the unsteadi-
ness is a result of constant variation of noise source generation and propaga-
tion. To address this, a numerical technique is developed that combines the
aforementioned two phenomena. The initial coupling was carried out using
aero-clastic codes with semi-empirical airfoil noise calculations. This is not
necessarily the state of the art; however, the source representation in an un-
steady and quasi 3D manner within the PE is the major advancement of this
step. Additionally, the usage of high fidelity flow solvers output for both gen-
eration and propagation allows us to model the phenomena consistently. One

viii
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Executive Summary ix

of the most important applications of the developed technique is the numerical
investigation of the far-field amplitude modulation (AM). This was not previ-
ously possible (earlier works mostly focus either on near field AM with simple
numerical models or field experiments for AM detection after the wind farm in-
stallation phase). Via the consistent wind turbine noise generation-propagation
model it can be possible to narrow down the conditions (both wind turbine op-
eration and atmospheric) and find solutions to mitigate it accordingly.

. The investigation of wind turbine noise variation during a diurnal cycle: as

rescarchers, we usually have opportunities to look into various issues more in
depth thanks to the large computational resources as well as projects with long
term goals. Nevertheless, we should always remember the relevant outcomes for
possible future implementations or tunings of the existing engineering models
via our outputs. In this regard, the developed tool was used to investigate the
wind turbine far field noise variation over a diurnal cycle. The interest in these
topics was emphasized on several occasions during our interaction with various
companies. The technical advancement of this step is the incorporation of the
realistic temperature and wind fields including source generation variation (day
and night), wake evolution, and wind shear and turbulence variation.

. In addition to the physical conclusions, we can derive from this thesis an im-

portant contribution that should not be ignored is the development of a For-
tran/MPI code that is readily available to use for future work. The code’s
capabilities such as the incorporation of various flow and source models for
single wind turbines or wind farms are the significant improvements that DTU
Wind Energy will be taking advantage of.

Although the developed source-propagation coupling technique can be used to
study wind turbine noise at large distances, it is worthwhile noting the shortcom-
ings/limitations:

1. Even though the parabolic equation is a physics-based method and derived from

the governing wave propagation equations, the assumptions that are used dur-
ing the mathematical derivation arise some limitations. First, it is a one-way
propagation method. In other words, the terms that represent the backscatter-
ing are neglected, and thus the results under multiple scattering are not reliable
(e.g. a source located between two screens). However, for wind turbines, this
is rarely the case. Second, the angular limitation of the method can be an
important aspect. Depending on the expansion of the so-called square-root
operator during the mathematical derivation, the region where the results are
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Executive Summary

valid can be extended further. Nevertheless, throughout the thesis a wide-angle
implementation of parabolic wave equation is used. This is valid within + 35
degrees in the paraxial direction. This can be an issue particularly for an ele-
vated source like a wind turbine if the near field levels are of interest. Lastly,
the effective speed of sound approach is a crucial point. It is an approach where
the moving atmosphere is replaced by a hypothetical motionless medium with
the effective sound speed. It is expected to perform well when the source and
receiver are close to the ground, as the sound propagation direction is nearly
horizontal and the scattering angle (angle between the sound wave and the
wave scattered by turbulence) do not exceed a certain limit. However, it was
shown in the first article of the thesis that the error decreases as a result of
turbulence introduced random phase shifts.

. Apart from the classical limitations of the PE method, a two-dimensional (2D)

approach which was employed in this thesis is another drawback. The ax-
isymmetric approximation allows us to reduce a 3D problem to a 2D problem,
which neglects the azimuthal variations. This approximation is shown to per-
form sufficiently accurate in many cases; however, the effect of complexity of
wind turbine flow field is yet to be quantified.

. Even though the increasing computational power allows us to simulate more

things than before, the PE method can still be a limited tool for long distance
propagation of high frequencies. Depending on the distance and source spectra,
this issue should be considered carefully.

. It is also important to note that throughout the thesis, atmospheric attenu-

ation is kept constant, as the focus of the study is mostly on calculation of
transmission loss. However, the variation of temperature and humidity will
result in change of attenuation factor and this should be taken into account for
a more rigorous study.
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Chapter 1

Introduction

1.1 Wind turbine noise

Wind turbine noise is a highly multi disciplinary topic. Starting from the aerody-
namic sound emitted at the airfoil scale, propagating through the turbulent atmo-
sphere over complex terrain and transforming to annoyance for the resident living
nearby, the issue requires the involvement of a broad range of disciplines. While
aero-acousticians are deeply interested and very much capable of modelling the air-
foil noise generation with different fidelity models [1, 2, 3, 4], an atmospheric scientist
might focus more on the sound wave propagation through inhomogeneous moving
medium and how the medium causes both short and long term far field noise variabil-
ity [5, 6]. Another scientific community would like to emphasize the human response
to wind turbine noise [7, 8] as well as the reasons that lie behind the higher annoy-
ance of wind turbine noise than other noise sources [9]. Addressing the whole chain
of wind turbine noise issue is indeed a difficult task.

Nevertheless, because the noise is one of the main obstacles achieving a broader
public acceptance of wind energy, the accurate assessment of noise generated from
wind turbines/farms is even more of a necessity than ever. This starts with a good
estimation of the source characteristics. The aerodynamic sound generation from
airfoils has been reviewed by many authors [10, 11]. The underlying physics relevant
for wind turbine noise can be narrowed down to airfoil self noise and the turbulent
inflow noise. Single steady airfoil noise is an issue on one hand, the rotating blades
that are exposed to complicated flow field on the other hand, the wind turbine noise
generation is a complicated phenomenon. Variation of the dominant source location,
directivity, strength and spectral characteristics are some of the issues to be addressed
for an accurate source level estimation [12, 13].
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2 Introduction

Furthermore, for accurate modelling of wind turbine noise at far field requires not
only a good knowledge of source characteristics but also a realistic representation of
the medium between the rotating blades and the receivers. Variation of ground
characteristics (e.g. snow or grass covered), terrain undulations (e.g. flat or complex
terrain), atmospheric conditions combined with unsteady nature of wind turbine
wakes result in an intricate and fundamentally random propagation phenomenon.
There is an increasing interest in investigation of peculiar far field characteristics
of wind turbine noise that are not clearly well understood [14], hence so far poorly
modelled.

The estimation of overall wind turbine far field noise is a complex task that
depends on a wide range of parameters and both short and long term variations.
The following subsection gives an overview of the existing prediction tools and the
motivation of the present work.

1.2 Motivation and Objectives

The wind turbine noise generation and propagation are inherently unsteady phe-
nomena as a result of the constant variation of turbine operation and atmospheric
conditions. However, the existing tools for wind turbine noise estimations at far
field receivers are not capable of handling this complexity. The basic approach for
far field noise prediction is assuming an overall source power level for a wind tur-
bine depending on the rotor diameter and using a propagation relationship based
on hemispherical spreading. Even though this neglects most of the physics, it has
been the standard for some years [15]. A more advanced method is the Nord2000
that is based on a semi-analytical ray model which deals with the refraction effects
using a linear approximation for the speed of sound profile [16]. There are other
corrections applied for undulating terrain and ground impedance. Even though this
model has shown to predict more accurately than many other models [17], there are
certain shortcomings. For example, the source model is still somewhat simple since
a monopole at the hub height is used to represent the wind turbine noise source
irrespective of the diameter and the source strength does not depend on the inflow
conditions.

More sophisticated noise source models exist [18, 19] that divide the wind turbine
blades into airfoil segments and sum up the contribution of each segment’s noise
levels that are calculated based on semi-empirical relationships. This source model
along with simple propagation calculations is used in the computational tool called
SILANT (developed by ECN)[20]. A similar source model is employed and coupled
with the ray tracing model in [21]. Neither of these tools consider the complicated
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Introduction 3

three dimensional flow field around a wind turbine and its effect on sound generation
and propagation.

There is a clear need for developing a wind turbine far field noise prediction tool,
that takes into account the interaction between the incoming turbulent flow and the
wind turbine noise generation and propagation physics. The thesis addresses this
gap via the objectives listed below:

e Development of a high-fidelity sound propagation model that is accurate but
with reasonable computational demand.

e Development of a suitable source model that can handle the variability of wind
turbine noise generation.

e Investigation of various effects such as wind and temperature gradient, ground
cover, atmospheric and wake turbulence, turbine operation conditions.

e Lastly, preparation of a code to be applied for wind farm noise mapping and/or
optimization.

1.3 Thesis outline

The thesis is outlined as an attempt to get a consistent message across to the reader.
Ch. 2 starts with a very brief review of the physics underlying the sound propagation
phenomenon with an emphasis on refraction. Subsequently an overview of modelling
techniques is given, followed by the elaboration of the methodology used in the thesis.
Lastly, ch. 2 shows some validation studies with experiments and benchmark cases
of the developed codes.

The following 4 chapters have the same structure. An overview of the relevant
phenomenon is outlined in the first section and the corresponding publication is
added in the second section. Ch. 3 elaborates the effects of wind turbine wakes on
sound propagation. The emphasis is on the description of the physical phenomenon
and the consequences. Ch. 4 employs a statistical approach to investigate the down-
wind propagation of wind turbine noise considering the probability of various at-
mospheric conditions. Thereby not only extreme stable or unstable atmospheric
conditions were investigated, but also a generalized outcome was obtained

While chapters 3 and 4 focus solely on the propagation phenomena, Ch. 5 in-
troduces a new combined model that includes the variability of both wind turbine
noise generation and propagation. The source model is more advanced and more
representative than the previous chapters. The corresponding publication gives a
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4 Introduction

detailed model description and shows applications for various wind speeds and sur-
face roughness values for a neutral atmosphere. This chapter also investigates the
amplitude modulation of wind turbine noise in a more consistent manner. Ch. 6
extends the new model applications with a different flow solver to investigate the
diurnal variability of wind turbine noise. Again the unsteady simulations are used
to investigate the amplitude modulation variation. In Ch. 7 a preliminary study
on wind farm noise is carried out using the developed tool. This is the basis for a
new wind farm noise mapping tool that can readily be used within noise assessment

studies. Finally, conclusions and future works are given in Ch. &,
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Chapter 2

Atmospheric Acoustics &
Modelling

2.1 Atmospheric Acoustics

Sound propagation in atmosphere is a complex phenomenon that is influenced by
a large number of parameters. Various review papers exist for the discussion of
the topic in depth [22, 23|. Early observations date back to 1800s when a large
volcano explosion was heard thousands of kilometres away [24]. Throughout the
history the variability in sound propagation changed the course of wars [25, 26],
modified the perception of the church bells [27] or caused some strange sounds in the
atmosphere [28]. The physics that lie behind these interesting events are detailed in
the aforementioned review papers. The structures of these papers are similar and
start from the geometrical spreading of sound waves from a point source (a decrease of
the sound intensity inversely proportional to the distance square). Then it continues
with the atmospheric absorption phenomenon which causes a loss of energy and
originates from two processes: relaxation and dissipation. These phenomena have
been well studied [29] and the resulting parameter, the absorption coefficient (),
depends on acoustic frequency, humidity and temperature, and to a lesser extent on
atmospheric pressure. Throughout the thesis the frequency dependent absorption
coefficient in ISO 9613-1 is used for a constant humidity (80 %) and a constant
temperature (20°C), thereby the variability due to air absorption is neglected.
Following the geometrical spreading and absorption phenomena; effects of ground
(reflection), effects of wind and temperature gradients (refraction), effects of terrain
topography and obstacles (reflection, diffraction) are discussed. The thesis focuses
predominately on the refraction effects on sound waves, therefore this section fo-
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6 Atmospheric Acoustics & Modelling

Wind & Temperature
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Figure 2.1: Near-ground sound propagation for a high-wind condition. Wind direc-
tion is from left to right. (adapted by [30]).

cuses on the effects of both time averaged and instantanecous wind and temperature
gradient.

To give an overall picture a more recent review paper [30] is followed in which
the atmospheric sound refraction is parametrized with the so-called effective speed
of sound parameter. This parameter is defined as c.;y = ¢+ v cos 0, where ¢ is the
actual sound speed, v is the wind speed, and 6 is the angle between the direction
of sound propagation and the wind velocity vector. As seen from the relationship
the effective speed of sound is implicitly affected by the temperature (¢(T)) and ex-
plicitly by the wind distribution (v). With the variation of atmospheric conditions
and propagation direction these parameters play a role in favour of sound pressure
level amplification or attenuation for the ground level receivers. At very high wind
speeds, the atmospheric stratification is generally close to the neutral due to the
strong turbulent mixing induced by the wind shear. A sketch of the resulting sound
propagation phenomena is shown in Fig. 2.1. If the wind speed is low, the stratifi-
cation will vary with the atmospheric conditions that change the radiative transfer
between the ground and air. While in a clear day an unstable stratification is ob-
served due to the heat that is conducted to the overlying air from the ground heated
by the sun, in a clear night stable stratification is observed due to the cooling of the
ground. A near-neutral stratification can be observed when a thick stratus cloud
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Atmospheric Acoustics & Modelling 7
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Figure 2.2: Characteristic effective sound speed profiles for 4 limiting cases of the
surface layer. The profiles are arbitrarily offset along the horizontal axis (adapted

by [30]).

layer covers the area.
Following [30] four fundamental sound propagation regimes can be defined:

High wind (day or night): Nearly neutral stratification. Refraction depends
primarily on wind shear and hence on the propagation direction.

Low wind, clear, daytime: Unstable stratification and upward refraction.
Buovancy instabilities create a strong turbulence.

Low wind, cloudy (day or night): Weak refraction, generally upward all
directions. Turbulence tends to be weak.

Low wind, clear, nighttime: Ground-based temperature inversions often
form, which lead to the prevalence of a strong downward refraction. Turbulence
is suppressed by the stable stratification but may occur intermittently.

Fig. 2.2 shows the effective speed of sound profiles listed above. This classical
picture changes significantly when we discuss the sound propagation behind a wind
turbine due to the wake deficit effects. This issue will be further investigated in ch.
3.

Apart from the average wind and temperature gradients, the fluctuations of these
parameters also affect the sound propagation. A way to interpret the atmospheric
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8 Atmospheric Acoustics & Modelling

turbulence is depicting it to be composed of a broad range of eddies with various
characteristic lengths (vary in size from millimetres to hundreds of meters). The
wavelengths () within a broadband signal propagating through this cascade of ed-
dies also vary significantly (e.g. 0.017 m < A < 17 m ). Depending on the specific
wavelength, propagation distance and turbulent scales, the effects on sound propa-
gation may change (see [31] for a review). For example, there can be localized effects
which cause single scattering (scattering of the wave outside the initial direction
of propagation) or when propagation through an extended region of turbulence is
considered (large distance compared to characteristic turbulent length scales) it can
cause multiple scattering which results in wave front distortion, loss of coherence and
strong intensity fluctuations. Some numerical simulations are carried out in [32, 33]
for single or multiple scattering. One can briefly state that the temperature fluctua-
tions cause random changes in the local speed of sound and the velocity fluctuations
cause the wave convection at different speeds. If one refers to the effective speed
of sound approach these two separate looking effects boil down to one. And the
turbulence causes the so-called refractive index fluctuations. These fields to be used
within the propagation models can be either synthetically generated with respect
to a prescribed spectrum or obtained via solving the governing equations of fluid
dynamics. The latter is computationally much more demanding than the former. A
study that investigates the representation of the atmosphere with various techniques
can be found in [34]. Moreover, there are comprehensive papers discussing the in-
teraction of the relevant turbulent scales and sound waves [35, 36]. Additionally,
a poster that addresses this issue to a certain extent is attached to the end of the
thesis.

Overall, the sound propagation in a stratified turbulent atmosphere is a compli-
cated field with an increasing interest from the research community. The interested
reader is referred to [6] for rigorous mathematical derivations and an overview of
applications.

2.2 Overview of Modelling Techniques

There is a variety of numerical techniques for modelling the atmospheric sound prop-
agation phenomenon. Each technique’s equations can be derived from a complete
set of fluid dynamics equations and the methods differ from each other with different
assumptions. Each comes along with its advantages and disadvantages. The scope
of this section is limited with a brief overview rather than a scrutinized derivation
of equations which can be found in ch. 2 of Ref. [6]. Here, the modelling techniques
are divided into two groups namely, geometrical acoustics and wave-based methods,
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and an overview is given.

Geometical Acoustics Based Methods

1. Ray Tracing (RT) Techniques

Ray tracing is based on the high frequency approximation to the full wave
equation. The high frequency approximation/limit implies that the waves be-
have like particles and travel along rays [37]. Conceptually, these rays may be
regarded as the particle trajectories as they move through the fluid at a certain
speed of sound and fluid velocity [6]. There is a variety of formulations of RT
techniques. The fundamental idea is the same for all. First, the determination
of the ray paths is carried out and then the contribution of each ray to overall
sound pressure is calculated. Some of the formulations can only handle a lin-
ear speed of sound [38] with an effective speed of sound approach, while more
advanced ones (e.g. Hamiltonian ray tracing [21]) are not restrained with these
limitations. Nevertheless, as it is pointed out in [6] geometrical acoustics may
not be the best method to handle low frequencies and other phenomena such
as small scale turbulence scattering, diffraction effects can not be accounted
for. Additionally, the ray models produce inaccurate results at focusing areas
called caustics. Even though there are ways to overcome this as presented in
139] the problems do not seem to be fully overcome.

Considering that a long range propagation is dominated by the low frequen-
cies (due to atmospheric absorption), RT technique’s inherent high frequency
assumption appears as the most important drawback.

The starting point of the mathematical derivation of the ray models is the
Helmholtz equation. In Cartesian coordinates this yields:

w?

v?
PT o)

p=—0(x—x) (2.1)

To obtain the ray equations, we seek a solution of the Helmholtz equation in
the form:

(2.2)

J=0

This is called the ray series. It is generally divergent, but in certain cases it
can be shown to be an asymptotic approximation to the exact solution. Taking
derivatives of eq. 2.2 yield:
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b
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J=0
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s
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Pyx =€ {[ W, + zw’rx:c] jE_U (zw)i' + 22&)TI

Jj=0

where subscripts stand for derivatives.

Substituting this result into the Helmholtz equation and equating terms of
same order in w, we obtain the following infinite sequence of equations for the
functions 7(x) and A;(x),

O(w?) : |[VT]* = ¢ 3(x),
O(w) : 2V T - VA + (V1) 4y = 0, (2.5)
O(w'™) 1 2Vr - A; + (VP1)A; = V324, ,, j=1,2,..

The O(w?) equation for 7(x) is known as the eikonal equation. The remaining
equations for A;(x) are known as the fransport equations.The standard sim-
plification made is to ignore all but the first term in the ray series, which is
evidently a high-frequency approximation. The solution for these equations are
further detailed in [40].

Wave-Based Methods

In this section starting from the linearised Euler equations (LEE), which consti-
tute the basis of Time Domain Techniques, wave equation, Helmholtz equation and
then the parabolic wave equation is shown. LEE is the linearized equations of fluid
dynamics with certain assumptions such that the atmosphere is assumed to be an
ideal gas, the magnitude of the flow speed (v) is smaller than the adiabatic speed of
sound (c¢), spatial variations in ambient air pressure are neglected, and the internal
gravity waves are of no concern.

% = —(v-V)p—p?V-w+ pc*Q (2.6)
ow Vp F
E—*(W'V)V*(V'V)W*7+F (2.7)
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where w is the acoustic particle velocity vector, p is the acoustic pressure, the quan-
tities F and Q represent sources: the former is a force acting on the medium, whereas
the latter is a mass source. These may be interpreted as dipole and monopole sources,
respectively. The terms (v - V)p and (v - V)w represent the transport of the sound
wave by the atmospheric wind, also called advective terms. The term (w-V)v in eq.
2.7 represents enhancement /diminishment of the acoustic particle velocity by spatial
variations in the wind field. As the methodologies are explained in each subsection
the equations and the corresponding simplifications will be referred.

1. Time Domain (TD) Techniques

Time domain techniques are based on solving linearised Eulerian equations
(LEE) [41]. In comparison to the other wave based methods it has the fewest
simplifying assumptions, thus is capable of representing most of the physics.
For example, the convection, refraction and scattering of sound waves by an
inhomogeneous and moving atmosphere is included explicitly in the equations.
Synthetically generated kinematic turbulence [42], Large Eddy Simulation over
flat terrain [43] or more complex meteorological models [44] are some of the
previously used methods to obtain the background flow input. Furthermore,
multiple reflections, diffractions and scattering from objects such as noise bar-
riers [45] [46] or trees [47] can also be considered and ground reflections can
be modelled with various techniques [48| [49]. A broad frequency response is
obtained by performing a single simulation with TD techniques, as opposed to
frequency domain methods that solve one at a time.

Despite all its advantages time domain methods are still fundamentally limited
by the cost of discretizing a large domain for long distance sound propagation.
The most commonly used discretization technique is finite difference method
mostly due to its implementation simplicity [50]. Even though new trends exist
to exploit spectral methods such as Fourier [51] or Chebyshev polinomial [52]
discretization techniques, time domain models still remain a computationally
expensive tool for the distances considered for this study. Additionally, the
source representation for broadband sources such as wind turbines is still a
difficult task for TD techniques.

2. Frequency Domain (FD) Techniques

Transition from TD techniques to FD ones starts with the manipulation of the
previously given first order LEE to derive the second order wave equation. This
can be done by taking the time derivative of eq. 2.6 and the divergence of eq
2.7. For a non moving medium this yields the classical wave equation;
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—— -V’ =S (2.8)
C

where S represents all the source terms caused by non uniform force field and
fluctuations of viscous stress, mass and entropy. A more rigorous formulation
including moving medium is;

—— —V’+(v-V)’p=S8 (2.9)
C

Eq. 2.9 constitutes the basis of the parabolic equations explained below. PE
method is a frequency domain method thus a conversion from time domain to
frequency domain is carried out using the relationship;

p(r,t) = Re(exp ™ 4(r)) (2.10)

where 9(r) is some complex valued scalar function and the real part is taken,
since p(r,t) is real. Thus the Helmholtz equation (shown later eq. 2.13) stands
for monochromatic waves, or waves of some given frequency. In addition to
the substitution of the expression 2.10 to eq. 2.9 one can further assume that
the characteristic scale of velocity variations, L, is large in comparison to the
acoustic wavelength, A, then the operator (v-V)? can be replaced by v;v;V,V;
which yields;

(V2 + K2 (1 + €) + 2ikvVT + e~V + 2V, 7,]4(r) = 0 (2.11)
C C

where k = w/¢g (w is the radian frequency of the sound, ¢ is the reference
speed of sound), € = (¢y/c)? — 1. One can see that velocity gradient does not
appear 2.11, therefore a more correct representation including both velocity
and its gradients is:

2% du; & 2k
v 0 2R Qi) =0 (2.12)

w dz; 0x;0x; ¢

(V2 + k(14 €) —

Note that, both eq. 2.11 and eq. 2.12 reduces to a classical Helmholtz equation
if v=0:
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(V2 4+ E2(1+ e)]e(r) =0 (2.13)

The additional terms in eq. 2.11 and eq. 2.12 in comparison to eq. 2.13
represent the effects of the moving medium. Third term on the left hand side
of eq. 2.11 is proportional to the Mach number and the spatial derivative of
the pressure. This term represents the convection of the sound by the velocity
field. The fourth term on the left hand side is second order in Mach number
and is proportional to the second spatial derivative.

In eq. 2.12 the new terms represent the wave scattering by dipoles through the
wind terms (third term) and by quadrupoles through the gradient terms (fourth
term). Therefore, for sound propagation through turbulence, this equation will
describe more accurately scattering effects. These equations will be used in sec.
2b

(a) Fast Field Program (FFP)

In addition to the time domain transformation, spatial domain transfor-
mation is carried out with the FFP method. FFP is a numerical method
for computing the sound field of a monopole source in a layered atmo-
sphere above a ground surface. The ground surface is described by the
ground impedance and the atmosphere is represented by the vertical pro-
files of the wind velocity and the temperature gradients. The FFP ap-
proximates the atmosphere by dividing it into horizontal homogeneous
layers with constant temperature and wind velocity. The sound field in
each layer is computed from the field in the horizontal wave number do-
main by an inverse Fourier transformation. Therefore the FFP method
is sometimes called a wave number integration method [53]. This is a 2D
method for an axisymmetric atmosphere with the effective sound speed
accounting for wind. Since the Fourier transformation to the horizon-
tal wave number domain occurs in the FFP it is limited to predictions
incorporating a layered atmosphere and a homogeneous ground surface.
Systems with a range-dependent sound speed profile or a range-dependent
ground impedance cannot be modeled with the FFP [54].

(b) Parabolic Equation (PE)

The parabolic equation method is based on an approximate form of the
wave equation with a preferred direction of propagation. Following the
notation in [55] the PE methods can be divided into two groups: scalar
and vector PE. The scalar PE is the conventional approach wherein the
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moving atmosphere is replaced by a hypothetical motionless medium with
an effective sound speed. For the vector PE, the vector properties of
the velocity field are maintained, thus the propagation equation contains
new terms. The scalar PE method is expected to perform well when the
source and receiver are close to the ground because the sound propagation
direction is nearly horizontal and the scattering angle (angle between the
sound wave and a wave scattered by turbulence) do not exceed a certain
limit.

Depending on the basis equation that the derivation starts from the PE
method changes character. (e.g. derivation that starts from eq. 2.11 is
referred to as the Mean Wind Wide Angle PE (MW-WAPE), eq. 2.12
is referred to as the Turbulent Wind Wide Angle PE (TW-WAPE) and
eq. 2.13 are referred to as the Wide Angle PE (WAPE) or as the Narrow
Angle PE (NAPE)). The mathematical manipulation is carried out both
in [56] and in [57].

For all methods (vector and scalar PE) the procedure starts with the
separation of forward and backward propagating waves. Subsequently,
the latter one is neglected therefore, the PE method is generally referred
to as one way propagation technique. In other words, only the waves
propagating from source to receiver are accounted for (e.g. backward
scattered waves from an obstacle are neglected). As a result of splitting
process, a square root operator appears in the equations. Based on the
order of the approximation scheme to the square root operator, the PE
method is categorized as a narrow angle PE (NAPE), a wide angle PE
(WAPE), or a higher-order PE. These equations can be solved with various
numerical methods (e.g. finite difference and finite element methods [53]).
A completely different numerical technique solving the eq. 2.13 is based
on Kirchoff-Helmholtz integral equation [58]. This methodology yields so
called Green’s Function PE (GFPE) for a refracting atmosphere. GFPE
accounts for direct, reflected and surface wave separately. GFPE is supe-
rior to the other numerical techniques because the range steps (horizontal
grid) can be of the order of multiple wavelengths. However it can be nu-
merically unstable for long distances. A numerically stable formulation
was recently proposed in [59]

Propagation over undulating terrain can be incorporated to the PE method
with various techniques. A general solution is provided in [60] based
on a non-orthogonal terrain following coordinate transformation. This
method is referred to as Generalized Terrain PE (GTPE). Another method
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which can be incorporated with all the previously mentioned PE methods
(GFPE, WAPE etc.) is the so called rotated reference frame method. In
this method the undulating terrain is approximated by a succession of
constant slope segments. At the start of each segment the initialization
is carried out with the interpolation of the predecessor segments sound
field. This method was used with MW-WAPE in [61] and with GFPE in
[62]. Some other methods to include terrain undulation into PE methods
are Beilis-Tappert transformation [63], stair-steps method [64] [65] and
conformal mapping [53].

2.3 Model Selection and Implementation

As seen from the previous sections there is a wide range of modelling techniques
for outdoor sound propagation. For this thesis, a model that is capable of han-
dling range dependent flow, complex terrain and varying ground characteristics was
needed. Considering a reasonable computational demand was one of the bottlenecks
of the selection process, PE method is used throughout the thesis.

First implementation phase is carried out in MATLAB for NAPE, WAPE, MW-
WAPE, TW-WAPE, GFPE including rotated reference frame method and GTPE.
The experience gained from the flat terrain simulations showed that (see sec 3.2) the
random phase shifts caused by the turbulence help to decrease the error committed
by the effective speed of sound assumption. Thus a computationally less demanding
scalar PE method (tri-diagonal solution matrices) were chosen instead of vector PE
(penta-diagonal solution matrices). Additionally, due to the sensitivity of the results
with respect to the selected GFPE input parameters, Crank Nicolson numerical
scheme was used.

For the terrain representation, two of the aforementioned models were evaluated
(terrain following coordinates and domain decomposition). Experience gained from
the simulations was that an automatized terrain decomposition procedure (e.g. se-
lection of domain transformation locations) for any given complex terrain for wind
farm noise mapping simulations was a very difficult task. Additionally, the results
were very susceptible to change depending on the locations of the reference frame
transformations. Hence the conclusion was to use GTPE for complex terrain. Over
flat terrain on the other hand mostly WAPE and NAPE is used for near and far field
receivers, respectively.

After model selection procedure and various test simulations the code was trans-
formed to FORTRAN. The parallelization of the code was carried out using MPI in
three different ways depending on the usage. Note that, there can be other ways
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to exploit parallelization developing tailored cut routines for the corresponding flow
solver input (velocity and temperature).

e Method 1: Most of the large simulation sets during the thesis period were

carried out using pre-stored time dependent flow fields with equidistant grid in
each direction. When the flow fields are already available, an efficient and easy
way of parallelization is allocating each core to each time step. For example,
20 nodes in DTU’s jess cluster corresponds to 400 cores. For a simulation
set with 400 time steps all cores would calculate one time step. These are all
independent simulations and the load in each core is equal to each other, so
the scalability is ideally linear.

At each time step (each core) two-dimensional computation domains are con-
structed from all sources to all receivers and the flow fields are interpolated to a
common grid (e.g. 2 m resolution vertically and horizontally). This resolution
is usually lower than the one that is required for the frequency dependent PE
calculations, thus it is referred to as low resolution interpolation step. Subse-
quently, the interpolated flow fields are stored in a variable and then used for
each PE simulation that are carried out for each frequency. Just to give an
idea for the computational time required for one time step, let us consider a
simulation of 17 frequencies (from 20 Hz to 1000 Hz), for a single receiver 2000
m away from the turbine which is represented with three sources around the
blade tip regions. For each source a PE domain is constructed as they propa-
gate through different flow fields, and thus the solution matrices are updated
at approximately every wavelength. This simulation takes 1.5 minutes on one
core.

Method 2: If the code is coupled with a flow solver that outputs the time
dependent results at each time step (e.g. the flow is not pre-stored as in
Method 1) then the cores should be distributed in a different way. For a
erid with uniform spacing and flat terrain the low resolution interpolation step
does not take much time. Therefore it is simply carried out by Core 0. Core 0
reads in the three-dimensional flow field, interpolates and then broadcasts to all
cores. Here we describe a new term called pejob. It refers to a single frequency
simulation (a two-dimensional PE domain) for each source and receiver. For
example if one-third octave band centre frequencies are simulated from 31.5
Hz up to 1000 Hz, for a single turbine represented with three point sources
and ten different receiver locations, this would sum up to 480 independent
pejobs. (16 frequencies, 3 sources, 10 receivers). These are all treated as
independent simulations that are distributed to each available core. For a 1
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node job in jess cluster this would mean 24 pejobs for each core. Each pejob’s
workload is not identical due to varying frequencies and distances (source-
receiver). Therefore the core assignment can be made more efficiently. There
is room for improvement depending on the future usage of the code.

e Method 3: Similar to the Method 2 if the flow fields are not pre-stored this
option is preferred. Different to the Method 2 if a non-uniform complex terrain
grid is used for the solver then the low resolution interpolation step takes time.
Therefore this method first uses all the cores to execute the interpolation.
Once the low resolution two-dimensional fields are obtained the rest of the
calculations is identical to Method 2.
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2.4 Validation Cases

This section is devoted for various comparison cases between the developed codes
and experiments as well as other benchmark simulations in the literature.

Flat Terrain
Benchmark Case

A commonly used benchmark case is detailed in [66]. Four different profiles are used
in that article however, only one selected case with non-constant vertical gradient
(linearly increasing speed of sound profile) is shown here. The source is located at 5
m height in the beginning of the domain and the receiver is at 1 m height along the
propagation path. Fig. 2.3 shows a comparison between the benchmark case and
GFPE and WAPE codes developed for the thesis. It is observed that, WAPE and
benchmark is in good agreement for the whole range, however GFPE has a phase
error clearly visible after 3000 m. The input parameters were tried to be tuned
however the error did not change. The error is attributed to be an inherent problem
for GFPE refraction term which has a remedy in [59]. However, as aforementioned
the long range propagation will inevitably be affected by the atmospheric turbulence
which in turn causes random phase fluctuations. Thus turbulent simulations over
flat terrain were carried out with GFPE as well and the results are more satisfactory
(see next section).

0 T T T T T T T T T
WAPE
20F — Attenborough (Benchmark)|4
---GFPE

Trans Loss [dB]
A
o

of VT

1000 2000 3000 4000 5000 6000 7000 8000 9000
Distance [m]

Figure 2.3: Comparison of transmission loss for 10 Hz at 1 m height between the
benchmark case number 2 in [66] and the developed codes.
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Experiment

First case is the experimental study in the literature [67]. Simulations are carried
out for a weak upwards refractive atmosphere;

co—0.51In(z/d) z> =z
Cetf = { cp— 0.5 ln(zU//d) z <z (2.14)
where 2p=0.01 m and d=0.0006. The source is located at 3.7 m height and 424 Hz is
simulated. The turbulence is synthetically generated using the method explained in
[53]. Von Karman spectral density function is used with the parameters: normalized
structure functions for temperature and wind speed C2/T2 = 6x10""/m~%* C2/c} =
3.5 x 107%m~2%/3, K; = 1, number of modes N = 200.

Fig. 2.4 shows the results for a receiver height of 1.5 m with increasing num-
ber of realizations. It is observed that the simulation without turbulence severely
underestimate the experiments. The results including turbulence converge after 50
realizations. Only the GFPE results are shown in the plot, however similar results
are obtained with WAPE.

T T T T I I
——GFPE: 5 realizations
5 - -GFPE: 50 realizations [
——GFPE: 200 realizations
— 0Ofh % Exp. (Wiener et al 1959)H
% * - ==MNo-Turbulent Simulation
A
o
5 -10
g
@ -15
Q
=l
o -20
-25 by
_30 1 \.. 1 1 1 1 1 |
0 200 400 600 800 1000 1200 1400

Horizontal Distance from Source [m]

Figure 2.4: Experimental comparison (f=424 Hz) over flat terrain for weak upwards
refraction case in [67].

The second comparison study with experiments was carried out using the data
obtained in [17]. The experiments were carried out with an elevated speaker over
flat terrain. The transmission losses for two source heights (30 m and 50 m) and

Page 33 of 131

10-04-2018



about:blank

20 Atmospheric Acoustics & Modelling

two receiver heights (2 m and 5 m) were investigated for downwind propagation. For
each case 50 WAPE realizations were carried out using the synthetically generated
turbulence explained in [53]. The von Karman spectral density function was used
with the parameters: C2/T2 = 6 x 107 "m /3, C2/ct = 2 x 1075m %3, K, = 0.06,
number of modes N = 200. Subsequently, the average frequency-dependent SPL
is compared with experiments. Figures 2.5 and 2.6 show the comparison. It was
observed that computations with hard ground impedance match the experiments
much better than grass covered land computations. Hence, they are presented here.
The agreement is satisfactory for most of the cases. The near and far field predictions
match well for a 30 m source height, while the far field predictions are relatively
better for the 50 m source height. The PE method has been validated with other
experiments in the literature, on the other hand it is important to note that the inputs
to the PE method such as atmospheric and ground conditions may significantly vary
the results.

—WAPE ——Exp
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Figure 2.5: Flat terrain experimental comparison source height 30 m. From top to
bottom a) 500 m b) 1000 m and ¢) 1500 m distance from source. From left to right
receiver height 2 m and 5 m.
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Figure 2.6: Flat terrain experimental comparison source height 50 m. From top to
bottom a) 500 m b) 1000 m and c¢) 1500 m distance from source. From left to right
receiver height 2 m and 5 m.

Complex Terrain

Over complex terrain there are not that many field experiments were found in the
literature. Additionally, simulation accuracy of the flow field that is affected by the

topography arises as another problem for such comparison cases.

Here the com-

parative studies were restricted with other codes using two different cases in the

literature.
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Gaussian Hill

First the propagation over two dimensional Gaussian hill is evaluated. The compar-
ison is carried out using the developed codes GTPE and GFrPE with the ones found
in literature [53]. While GTPE results are identical with the literature GFrPE results
slightly deviate at the top of the hill. This is mostly due to the domain decomposi-
tion accuracy. As explained in the previous section the results are prone to change
depending on the domain decomposition parameters. However, overall agreement is
satisfactory for both codes.

0 T T T T T T T T T
- -=-GTPE
5 % ——GFrPE
* Salomons

Trans. loss [dB]

0 100 200 300 400 500 600 700 8OO 900 1000
Horizontal Distance from Source [m]

Figure 2.7: Transmission loss for receiver at 2 m height over a Gaussian hill.

Undulating Terrain

Another comparison case is the undulating terrain shown in Fig. 2.8. The details
are given in [68] and the simulation results obtained from different models as well as
the terrain distribution are downloadable in [69]. A constant and linearly increas-
ing speed of sound profile is used for the two comparison cases. Single impedance
representative for grassland is used for the whole domain and the source height is
10 m. Fig. 2.8 shows the propagation loss for a ground level receiver for constant
speed profile and a good agreement is observed for the developed codes (GFrPE,
GTPE) and the others. Fig. 2.8 shows the same terrain for linearly increasing speed
of sound profile which causes downward refraction and more interference with the
reflected waves. GTPE and the other methods are in good agreement. However
GFrPE seems to have deeper dips and multiple reflections towards the end of the
domain. This was further investigated to tune the parameters such as the domain
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decomposition and interpolation in between segments, however the results were very
prone to change depending on the parameters. Therefore it was concluded not to
use GFrPE for a generalized noise mapping situations where the domain between
turbines and receivers have to be arbitrarily decomposed.
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Figure 2.8: Contour plots of the propagation loss and the distributions at 1 m above
ground obtained from various numerical techniques in [68] and the codes developed in
the thesis. The top two subplots show constant speed of sound results. The bottom
two subplots show linearly increasing speed of sound results.
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Chapter 3

Sound Propagation & Wind
Turbine Wake

3.1 Chapter Overview

Wind turbine wakes have attracted increasing interest as we move towards more
clustered wind farms. The main focus of the research has been on the two effects
of the wake, namely the reduced power production and increased fatigue of the
downstream turbines. In addition to these two phenomena the wake influences also
the sound propagation. The turbine induced wind speed deficit causes sound waves
to go through local upwind and downwind refracting regions. The corresponding
publication in this chapter (Sec. 3.2) addresses this issue using the parabolic equation
method and various flow inputs.

The outcome of the paper shows a non-negligible effect of wind turbine wakes
on the sound waves emitted from both steady and moving point sources. The wake
deficit redistributes the acoustic energy and results in a severe downwards refracting
region at the far field (corresponds to the region where the wake breaks down).
The incoming turbulence intensity is the main parameter that determines the wake
evolution, and thus the SPL amplification /attenuation regions. The largest difference
obtained from the unsteady simulations with and without wakes is observed for the
laminar inflow case (7 dB). This value decreases with increasing turbulence but, the
SPL amplification regions become wider. For the 10 % incoming turbulence intensity,
the differential SPL values reach 5 dB and the region width extends from 600 m to
2000 m.

3.2 Publication

24
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In this paper, we investigate the sound propagation from a wind turbine considering the effects of wake-
induced velocity deficit and turbulence. In order to address this issue, an advanced approach was devel-
oped in which beth scalar and vector parabolic equations in two dimensions are solved. Flow field input
was obtained using the actuator line (AL) technique with Large Eddy Simulation (LES) to model the wind
turbine and its wake and from an analytical wake model. The effect of incoming wind speed and atmo-
spheric stability was investigated with the analytical wake input using a single point source. Unsteady
acoustic simulations were carried out with the AL/LES input for three cases with different incoming tur-
bulence intensity, and a moving source approach to mimic the rotating turbine blades. The results show a
non-negligible effect of the wake on far-field noise prediction. Particularly under stable atmospheric con-
ditions, SPL amplification reaches up to 7.5 dB at the wake centre. Furthermore, it was observed that
when the turbulence intensity level of the incoming flow is higher, the SPL difference between the mov-
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ing and the steady source is lower.
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1. Introduction

Noise is one of the main obstacles achieving a broader public
acceptance of wind energy. In order to reduce the transmission
cost, wind farms are often placed close to populated areas. This
demands accurate noise prediction tools and noise reduction tech-
niques which are difficult tasks due to the complexity of wind tur-
bine noise generation and propagation mechanisms. Turbines emit
time dependent sound that varies with the incoming flow (i.e.
wind speed and turbulence levels), and the turbine design and
operation conditions (i.e. rotational speed and rotor design). More-
over, downwind propagation of the emitted sound is influenced by
the turbine induced velocity deficit and turbulence. This issue is
addressed by Heimann et al. [9] with a ray-based sound particle
method where the flow field input is obtained either from full scale
experiments or meteorological micro scale models. The study con-
siders a single night case with a temperature inversion and a low-
level jet whose wind speed maximum is below the rotor plane
crest. Depending on the meteorological model used for the flow
field input method the results show variations (overall sound pres-
sure levels are either higher or lower than the case without the
wake deficit) in the near field (up to 700 m). The far field noise
(700-1000 m) is found to be consistently higher for all simulations
when the wake is taken into account. Lee et al. [11] uses parabolic

* Corresponding author.
E-mail address: ebarlas@dtu.dk (E. Barlas).

http://dx.doi.org/10.1016/j.apacoust.2017.02.010
0003-682X/© 2017 Elsevier Ltd. All rights reserved.
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equation method for the acoustic simulations and a Reynolds Aver-
aged Navier Stokes based solver for the flow field input. Different
to Heimann et al. [9] the simulations were carried out for four
incoming flow wind shear values and the computational domain
extends up to 3000 m in the streamwise direction. The results
show considerable variations depending on the incoming wind
profile. They found that for a small wind shear case, the wake flow
tends to increase the far-field noise levels while the opposite is
observed for much higher wind shear values.

The present work employs an approach by coupling the high
resolution Actuator Line (AL)/Large Eddy Simulation (LES) solu-
tions with the Parabolic Equation (PE) method in order to investi-
gate the unsteady downwind sound propagation in the wake of a
wind turbine. Using the time dependent flow input, frequency
dependent acoustic simulations are carried out successively. Three
different incoming turbulence intensity cases are simulated with
AL/LES, each yielding a different velocity distribution thus chang-
ing the refraction patterns of sound waves. Additionally the super-
position of various incoming wind profiles with analytical wake
models is also used for flow field input. Thereby, comparative stud-
ies are carried out to assess the need for unsteady turbulent flow
input. Another comparison is carried out with two types of source
modelling. The conventional approach is to represent the wind tur-
bine with a single point source located at hub height. In this study
an unsteady approach was used to mimic the rotation of the wind
turbine blades. Thereby, the amplitude modulation due to blade
passage is captured. The main objectives of the study are grasping
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a better understanding of the relationship between wake dynamics
and far field noise levels as well as assessing the influence of tur-
bulent flow input and source modelling for wind turbine sound
propagation.

The structure of the paper is as following; first the computa-
tional models used in this study are described for both acoustic
and flow simulations, respectively. Then the results are discussed
in four different subsections. First part is the validation and grid
independence study for the PE method. In the second part single
PE simulations are carried out with the flow input obtained from
the analytical wake model superposed with various wind profiles.
This part is called the steady case. The third part uses the flow
input obtained from LES and referred to as the unsteady case.
The fourth part deals with comparison of the aforementioned
two methods and finally a discussion and a conclusion sections
are included.

2. Computational models
2.1. Models for sound propagation

Wind turbines significantly modify the flow behind them, hence
a sound propagation method that can handle the range dependent
flow field (varying along the propagation path) is required. On the
other hand, distances on the order of 2-3 km restricts the usage of
computationally demanding time domain methods. Therefore, a
two-dimensional Parabolic Equation (PE) method was chosen as
a compromise between accuracy and computational resources.

Following the notation in Blanc-Benon et al. [5] the PE method
can be divided into two groups, namely scalar and vector. The for-
mer is the conventional approach where the moving atmosphere is
replaced by a hypothetical motionless medium with the effective
sound speed coy = € + 2%, where v, is the wind velocity component
along the direction of propagation between source and receiver. In
the latter approach, the vector properties of the velocity field are
maintained. Thus the equation contains new terms. The scalar PE
method is expected to perform well when the source and receiver
are close to the ground, as the sound propagation direction is
nearly horizontal and the scattering angle (angle between the
sound wave and the wave scattered by turbulence) do not exceed
a certain limit. For both cases the derivation can be carried out
starting from the equation for the sound field P’ in inhomogeneous
moving medium Ostashev et al. [ 15] (here given with uniform den-
sity assumption);

2 gy, & 2ik B
\Y +k2(1+€)_aa_xjax,-axj+ﬁv'v P(r)=0 (1)

where k = m/co (@ is the radian frequency of the sound, ¢, is the
reference speed of sound), P'(r) is the monochromatic sound field,
€= (cc./a:)2 — 1. Note that, Eq. (1) reduces to a classical Helmholtz
equation if v =0: [V? + k*(1 + €)]P'(r) = 0. Further mathematical
manipulation in order to reduce these equations to a one way para-
bolic equation is carried out in Ostashev et al. [15]. If the derivation
starts from Eq. (1) and maintains the terms with wind velocity then
it reduces to Turbulent-Wind Wide Angle Parabolic Equation (TW-
WAPE) and it is also referred to as the vector PE. If further manipu-
lation is carried out by setting all velocities to zero, then it reduces
to Wide Angle Parabolic Equation (WAPE) and it is referred to as the
scalar PE. In this study both scalar and vector PE methods are used.
The aim is to test and present the limitations of WAPE in compar-
ison to TW-WAPE for an elevated source such as wind turbine, with
range dependent velocity profiles. For both methods a semi-implicit
marching scheme is used, with central differences in the vertical
direction (z) and the Crank-Nicolson method in the horizontal
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direction (x). These two PE methods yield either tri-diagonal
(WAPE) or penta-diagonal matrices (TW-WAPE) to be solved at
each space step. The spatial resolution for both directions is set to
one-eighth of the wavelength (Ax = Az = 4/8); where / is the wave-
length of the solving frequency. Only flat terrain is considered and
the ground impedance was characterized using the Delany-Bazley
model Delany and Bazley [8]. An effective flow resistivity value of
200 kPa s/m? was chosen, as this is a typical value for grassland
where onshore turbines are commonly located.

The PE methods require a starter function which essentially
represents the sound source. In this study the starter function
derived in West et al. [20] is used. One approach to mimic the
dynamics of the wind turbine sound is treating the wind turbine
to be composed of lumped sources located near the tips, ie., at
85% of the blade span. This approach is a result of the source loca-
tion studies carried out by Oerlemans et al. [14] which states that
the sound is produced in the outer part of the blades. Considering a
wind turbine rotating in and out of 2D PE plane, three separate
simulations are carried out for each atmospheric condition. For
each simulation the single point source is located either at top
tip height (114 m) or hub height (80 m) or bottom tip height
(46 m). This set of simulations is referred to as the steady case.
The unsteady case employs a moving source approach. The main
difference between steady and unsteady cases is that the flow field
input for each PE simulation is updated every 0.11s for the
unsteady case and at each time step a point source is translated
either up or down taking the turbine rotational speed, the diameter
and the hub height into account (see Section 2.2.2). Since the focus
of this study is the flow field effects on propagation, the source
power levels are kept constant for all simulations.

2.2. Models for the flow field input

The PE methods described in the preceding section need flow
field input, either as scalar or vector. These profiles were obtained
with two different methods that are elaborated in the following
subsections.

2.2.1. Case with analytical wake method

In the steady case the streamwise velocity profile is obtained
using the analytical wake model proposed by Bastankhah and
Porte-Agel [4]. The model uses the mass and momentum conserva-
tion by neglecting the viscous and pressure terms and then applies
it on the control volume around the turbine. Subsequently, a Gaus-
sian profile in vertical is proposed for the velocity deficit in the
wake and an expression for the normalized wind speed deficit is
given. The required inputs to the model are hub height (z;,), turbine
diameter (D) and thrust coefficient (C,) which are selected to be
z, =80 m, D=80m and C, =0.8. Additionally, a tunable parameter
(k*) for the wake growth rate is necessary. This parameter is
adjusted with respect to atmospheric stability via an LES study
by Abkar and Porte-Agel [2] as reference.

The ambient mean flow and temperature profiles are obtained
using the Monin-Obukhov similarity theory (MOST) for three dif-
ferent stability conditions. The expressions used for the profiles
in this study can be found in Salomons [16]. The relevant parame-
ters are given in Table 1, with the inverse Obukhov length (L)
and all simulations are carried out with a aerodynamic roughness
length zo = 0.1 m.

The flow fields obtained via superposing the wake deficits and
the upstream wind profiles under three different atmospheric sta-
bility conditions are depicted in Fig. 1. Note that, for the case with

' In contrast to Lypo, its inverse Ly, is amenable to statistical characterization Kelly
and Gryning [10].
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Table 1
Surface-layer parameters used in the wind profile, for atmospheric stability classes
considered here.

ABL classes Lyb [m] u. [m/s] 0= [K]
Stable (SBL) 0.067 0.31 0.016
Neutral (NBL) 0 04 0

Convective (CBL) —0.067 0.46 —0.044

[~
=}
=}

Height [m]
=
g

(=1

I.....EEEEG
—————

[~
=
(=1

Height [m]

(=1

CBL 4

[*]
<
(=]

—
[=1
(=]

Height. [m]

g J

il I J
0 500 1000 1500 2000 2500 3000
Distance [m]

=

Fig. 1. Contours of streamwise velocity in the middle vertical plane for different
stability conditions. The flow fields are obtained from the analytical model in
Bastankhah and Porte-Agel [4]. Top: Stable conditions k™= 0.02 Middle: Neutral
conditions k™ = 0.03 Bottom: Unstable conditions k™ = 0.04. Other relevant param-
eters are given in the text. Solid Line: Incoming wind profile. Dashed Line: Wake
deficit wind profile.

the analytical wake input only streamwise velocity is used while
the vertical velocity is set to zero for the vector PE method. Two
things are worthwhile to point out regarding these flow fields:
(1) increased stability yields a longer wake; (2) incoming wind pro-
files are different. In Section 3.2.2 these effects on refraction will be
discussed in detail.

2.2.2. Case with large eddy simulation

Flow fields are obtained from high resolution LES data for the
unsteady case. The simulations are performed using the 3D flow
solver EllipSys3D, which was developed as a collaboration between
Technical University of Denmark [13] and Risa National Laboratory
[19]. EllipSys3D solves the discretised incompressible Navier-
Stokes equations in general curvilinear coordinates using a block
structured finite volume approach in primitive variables. The influ-
ence of the wind turbine is simulated using the Actuator Line tech-
nique (for further details see Serensen and Shen [18]), which
imposes body forces along the rotating lines. The body forces are
calculated through a full aero-elastic coupling with Flex5, which
computes the aerodynamic loads, see @ye [22] for details on Flex5
and Serensen et al. [17] for details on the coupling. The fully cou-
pled simulations also includes a controller, which means the tur-
bine behaves as a real turbine and adjusts according to the
incoming turbulent flow field. The modelled turbine is an upscaled
version of the NM80 turbine based on the original NM80 (see
Aagaard Madsen et al. [1]) and the turbine is proprietary to Vestas
Wind Systems A/S. The blade radius is R = 40 m and rated power is
2.75 MW at rated wind speed of 14 m/s. The computational
domain used for this study is [40 D x 10D x 10 D] in the stream-
wise, vertical and lateral directions, respectively (D represents
the turbine diameter, 80 m) and the turbine is located 400 m from
the inlet. The spatial resolution is 2.5 m in all directions and the
computations were carried out for approximately 90 min of real
time. The velocity perturbations upstream of the turbine are

about:blank

[~
=
=]

Height [m]
1=
(=]

o

[~
=
=}

Height [m]
=
(=]
=
U [m/s]

0
200

100

Height [m]

1500 2000 2500
Distance [m]

500 1000

Fig. 2. Contours of instantaneous streamwise velocity (u) in the middle vertical
plane for different incoming turbulence intensity (%) The flow fields are obtained
from LES-AL technique. From top to bottom: TI = 0%, Tl = 3%, Tl = 10%.

obtained from a pre-generated turbulent wind field (see Mann
[12]). The magnitude of the fluctuations were scaled in order to
mimic three different incoming turbulence intensity (0%, 3%,
10%). Out of 90 min long flow simulations, two independent
10 min long data are used for each turbulence intensity case to
feed into the acoustic simulations. Both vertical and streamwise
velocity components are extracted at 10 Hz and subsequently fed
into the acoustic simulations. Instantaneous snapshots of the flow
fields are depicted in Fig. 2. It can be seen that the turbine wake
becomes less stable and persistent when incoming turbulence
intensity increases as the inflow turbulence assists in breaking
down the wake [17]. This will influence the sound propagation
as will be shown later.

3. Results

All simulations are carried out for 1/3-octave band with lower,
centre and upper limit frequencies up to 630 Hz and summed
logarithmically;

N
Lpisumy = 10log (Z]in(f.mo) 2

i=1

where N is the number of frequencies used and L,(f;) is the sound
pressure level defined as;

L,(f,) = Lw_a(f;) — 10log,,47R* — oR + AL (3)

where the A-weighted source power level for a wind turbine (Ly_x)
is obtained from the semi empirical source model Zhu et al. [23], the
second term on the right hand side stands for geometrical spread-
ing, the third term represents the atmospheric absorption where
the absorption coefficient is calculated according to 1SO 9613-1
for air at 20 °C with 80% relative humidity. The last term is the rel-
ative sound pressure level AL = 20log,(|P’|/|Py|) that represents the
deviation from the free field of a source due to ground effect, atmo-
spheric refraction, turbulence, etc.

3.1. Validation and grid independence study

The output from WAPE and TW-WAPE are compared to the
work of Dallois et al. [7]. Fig. 3 shows the result for 680 Hz, where
the source is located at 2 m height and a receiver at 10 m height. It
is seen that with the implementation used in this paper the phase
shifts as well as the dips and peaks of SPL are captured. This vali-
dates the implementation of these two methods.
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Fig. 3. Validation case. Sound pressure levels for a receiver at 10 m height Left: Taken from Dallois et al. [7] Right: Current work.

Furthermore, an error analysis is carried out in order to test how
often the solution matrices should be updated in the space march-
ing scheme for a range dependent flow field. This is done by run-
ning one benchmark case with both methods where the update
is at each space step, Ax (where Ax = 1/8). Afterwards the error
is quantified for cases with space steps of 5, 10, 50 and 100 Ax
by subtracting the relative sound pressure levels from the case
with Ax. The highest error is detected under stable atmospheric
conditions and Fig. 4 shows the evolution with distance for a recei-
ver at 2 m. It is clear that if the step is chosen much larger than the
wavelength, i.e. 50 or 100 Ax, the committed error is considerably
high for TW-WAPE. A similar trend is observed for WAPE, however
the error margin is much smaller. For both methods the error is
less than 0.5 dB if the simulations with 5 Ax is used. Thus from this
point on the update step is set to 5 Ax.

3.2. Steady case with analytical wake model

3.2.1. Effect of wake under neutral stability conditions

The next step is to assess the difference between range depen-
dent and independent profiles on sound propagation (also denoted
with and without wake, respectively).
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Fig. 4. Sound pressure levels for a receiver at 2 m height under stable atmospheric
conditions. The error is quantified by subtracting results from the benchmark case
which is the case where the flow field update is at each space step Top: TW-WAPE
Bottom: WAPE.
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First, the case with source height at 80 m (hub height) is studied
and an interesting refraction phenomenon is captured. Fig. 5 helps
to give a visual understanding of this phenomenon. Considerably
higher sound pressure levels are observed after certain distance
from the source. This was also reported in Heimann et al. [9] and
Lee et al. [11]. The wake deficit and its downstream evolution are
the key parameters which cause different refraction patterns of
sound waves. Subsequently downwards bursting zones are gener-
ated (similar to ducting of sound waves near the ground observed
in e.g. Wil-son et al. [21]). These are the regions with high sound
pressure level due to turbine induced velocity gradients. Note that
in the wake, the mean wind speed vertical gradient (aU/dz) at the
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Fig. 5. Contours of sound pressure levels calculated with TW-WAPE under neutral
atmospheric stability conditions for various incoming hub height wind speeds. The
velocity vectors are embedded in the figure. From top to bottom: Case without
wake U, = 6 m/s, case with wake U, = 6 m/s, case with wake U, = 10 m/s and case
with wake Uy = 14 m/s.
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Fig. 6. Sound pressure levels for a receiver at 2 m height, neutral boundary layer
case at various incoming hub height wind speeds. Case with wake (W) and case
without wake (NW).

top tip height is significantly greater than at the bottom tip, thus
creating a more severe downward refraction than the upward
refraction. Moreover, increased incoming hub height wind speed
(Uy) also yields stronger gradients. Thus the regions with higher
sound pressure levels are widened. Two distinctly separated peak
regions are detected for the case U, = 14 m/s. The first peak is
caused by initial downward refraction. The second peak is due to
firstly upward and afterwards downward refracted sound waves.

Overall, the SPL differences due to the wake can reach up to
12 dB at certain ranges for a receiver at 2 m height as shown in
Fig. 6. Note that the simulations with range independent profiles
(without wake) yield higher sound pressure levels for the ranges
before the bursting zones, namely before 1 km. Even though, only
one case without wake is shown (U = 6 m/s) in this figure, this
observation is valid for higher incoming wind speeds. The reason
for this is that before the wake breakdown the acoustic waves
are retained within the wake deficit region thus they do not reach
to the ground. This results in attenuation of SPL in the near field
(less than 1000 m). The refraction patterns vary depending on
the source height. This is studied in Section 3.2.3.

3.2.2. Effect of atmospheric stability conditions

The incoming flow as well as the wake evolution is different for
various atmospheric stability conditions. Wake recovery takes
places differently due to varying mixing characteristics. For sound
propagation this means that the refraction regions will vary with
respect to the wake field. In Fig. 7 the effect of this is depicted with
contour plots of SPL under three different stability classes. The
comparison is carried out for the same incoming hub height veloc-
ity, U, = 12 m/s. The results show that under stable conditions the
persistence of the turbine induced velocity gradient in the wake
yields a more continuous downwards refraction. Thus the region
with increased sound pressure levels is widened and the start of
it reaches down to a range of 1000 m. This is also important
because under stable conditions the shear of the velocity profile
is higher which means that the wind speed at the ground level is
considerably lower than the hub height wind speed. Therefore,
the background noise at the ground level is lower which causes
wind turbine sound to be more noticeable.

Fig. 8 compares the cases with and without wake as well as TW-
WAPE and WAPE outputs for a receiver at 2 m height. The results
clearly indicate that the effect of wake, especially under stable
atmospheric conditions is considerable. The difference in SPL
reaches up to 10dB for the first peak while the same value is

about:blank

SLELLLELLLLISLELLELLLLLL

0 1000 2000 3000

Distance [m]
Fig. 7. Contours of sound pressure levels calculated with TW-WAPE under various

atmospheric stability conditions for U, =12 m/s. From top to bottom: Stable,
Neutral, Convective boundary layer.
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Fig. 8. Sound pressure levels for a receiver at 2 m for U, = 12 m/s. Colors represent
different atmospheric stability classes. Full Line: TW-WAPE with wake. Dashed
Line: WAPE with wake. Line with Markers: TW-WAPE without wake.

almost 15 dB for the second peak under stable atmospheric condi-
tion. Another important observation is the phase difference
between WAPE and TW-WAPE. As was pointed out in Blanc-
Benon et al. [5] this cumulative phase error is introduced due to
the limitation of effective speed of sound approach that is inherent
to WAPE. The equations derived for TW-WAPE take into account
vertical and horizontal velocity components separately and speed
of sound is only function of temperature. This is not the case for
WAPE (scalar PE - the effective speed of sound approach). Wind
speed is simply projected and added directly to the speed of sound
at each space marching step. With this approach, for example a
downwards refracted wave would be accelerated towards down-
wards. But in reality the vertical and horizontal velocity compo-
nents are affecting the sound wave refraction differently than
just adding it to the speed of sound. This causes a phase error that
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increases with distance as well as with wind speed. Here the
results are not presented as a function of frequency however it
was observed that at certain distances from the source the destruc-
tive and constructive interference regions change location. This
results in more than 20 dB difference between the two methods.

3.2.3. Effect of source height

As mentioned in Section 2.1 the representation of a wind tur-
bine as a single source at hub height may be misleading. Therefore
simulations with different source heights are carried out. The
results show different trends as a result of refraction pattern vari-
ations, see Fig. 9. A common feature of all the simulations with
wake is both amplification and attenuation of SPL at various dis-
tances. This means that regardless of the source height, wake flow
field redistributes the acoustic energy. If the source is located at
114 m, the sound waves refract such that the wake induced SPL
amplification is in the near field (300-800 m). On the other hand,
if the source is located at 46 m, this amplification is observed in
the far field (above 1600 m). This is an interesting outcome
because of two reasons; (1) as a result of continuous rotation of
turbine blades the SPL increase is observed at different distances.
This behaviour may help to understand the annoyance caused by
amplitude modulation at the far field. (2) considering that a rotat-
ing wind turbine rotor passes through all these positions there is a
cumulative effect of all source heights. This yields an overall
increased SPL at all distances from the source. It is also important
to mention that the study of Heimann et al. [9] concludes that
wake flow favours the sound propagation only from the upper
sources towards the ground. Considering that this study is limited
to 1 km distance this is indeed the case. However when further dis-
tances are taken into account the amplification of SPL are more
considerable and mostly caused by lower sources. The effect of
source location and type will be investigated further in the follow-
ing section with the unsteady approach.

3.3. Unsteady case

3.3.1. Comparison of WAPE and TW-WAPE

TW-WAPE and WAPE are compared for a five minutes long sim-
ulation. Fig. 10 shows both the mean SPL and the associated stan-
dard deviation values for a receiver at 2 m height. Unlike the
steady flow approach there is no distinguishable phase error, nei-
ther with the moving source nor with the steady source. This can
be explained via the turbulence effect on propagation. One of the
major effects of turbulence on downwind sound propagation is
the phase fluctuations of sound waves. This means regardless of
the PE method (vector or scalar) each PE run will have a ‘random’
phase shift. If we consider a single time step (also called a single
realization) the discrepancy between the two methods is large,
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Fig. 9. Sound pressure levels for a receiver at 2 m height for U, = 10 m/s and SBL.

Comparison of range dependent (Full lines: with wake — W) and range independent
(Dashed lines: without wake - NW) velocity profiles.
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Fig. 10. Sound pressure levels for a receiver at 2 m height obtained with two
different PE methods (scalar and vector) for no turbulence incoming flow case.
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Fig. 11. Difference in SPL (SPLwaps — SPLrw_ware) for a receiver at 2 m height and at
three different distances. The results are shifted in y axis with the offset that blue
lines represent. From top to bottom: at distances of 300 m, 1500 m and 2500 m.

but once it is averaged over many realizations, the obtained results
are similar.

Further assessment is carried out with the time signals obtained
from both methods. Fig. 11 shows the subtracted SPL for each
instant which represents the error (SPLwape — SPLrwware). As
expected, the error is increasing with distance. Around 2500 m
and at certain instances the error reaches up to 4 dB.

From these results it is concluded that the mean and standard
deviation of sound pressure levels are independent of the method
even though instantaneous values vary. Since the parameters of
interest are restricted with those two in this study the rest of the
simulations are carried out with WAPE.

3.3.2. Effect of wake deficit

In order to solely assess the effect of wake deficit dynamically
three sets of simulations are carried out with moving source
approach. These set of simulations are distinguished by changing
the flow field input;

e LES+PE: Fully unsteady case, where every instant the flow field
is updated and the source is translated up or down. This yields a
twenty minutes long SPL time signal which is then averaged in
time.

e Perturb+PE: Similar to the LES+PE method however, the mean
wake deficit is subtracted from the flow field at each instant
in time. In other words, turbine induced perturbations are
superimposed to the incoming flow.
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o Inflow+PE: Single logarithmic wind profile obtained from time
averaged LES inflow is used along the whole propagation path
(range independent, steady flow) and five PE simulations are
carried out with different source heights. This yields a periodic
time signal which is then averaged in time.

This comparison is conceptually similar to the steady case stud-
ies with and without wake, however for the first two methods (LES
+PE and Perturb+PE) both the flow as well as the source is dynamic
which is a more realistic modelling for wind turbine noise and the
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atmosphere. Fig. 12 shows the differential SPL of LES+PE and Per-
turb+PE for three different incoming turbulence intensity, namely
0%, 3% and 10%. Highest discrepancy is observed for the case with
0% (=7 dB). The constant wake deficit ducts the acoustic energy
and results in a severe downwards refracting region at the far field
(corresponds to the region where the wake breaks down see Fig. 2).
In addition to the ground level receivers, local upward refraction
results in discrepancy for all receiver heights, but the wake
induced SPL amplification mostly decreases with height. All these
effects are visible in a more smeared manner with increasing
incoming turbulence. In other words, the start of the downwards
bursting zones gets closer to the source but the overall wake
induced SPL amplification decreases (=5 dB). From this study it
can be deduced that for even higher turbulence levels wake
induced SPL amplification in the far field will be lower. This is also
in agreement with the wake physics, since the increased incoming
turbulence results in higher mixing and subsequently shorter
wake. Another common feature for all cases is that the SPL discrep-
ancy increases with distance for receivers at ground level.

Fig. 13 shows a comparison between LES+PE and Inflow+PE. The
sound pressure levels for a receiver at 2 m height illuminates the
abrupt downwards bursting zone (SPL amplification) for 0% incom-
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Fig. 12. Contours of differential sound pressure levels (Agpy = SPLigs.pr—
SPLperwury+pe) for different incoming turbulence intensity. From top to bottom: T.L
0%, 3% 10%. Block dots represent the source heights.
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Fig. 13. Sound pressure levels for a receiver at 2 m height, for different incoming
turbulence intensity levels.

ing turbulence intensity case, while these regions are distributed
more evenly for the other two cases. It is observed that up to a
range of 500 m all lines collapse. This shows that atmospheric
refraction effects are only visible after this distance.

3.3.3. Effect of source type

Representation of a wind turbine as a single steady point source
at hub height is the conventional approach and may be an accept-
able assumption for far field noise prediction. However, with the
wake induced flow field the modified conditions increase the
importance of source modelling type. Here this effect is investi-
gated using moving and steady source approaches (for further
explanation see Section 2.1). The comparison is depicted in
Fig. 14. Note that, the study in Section 3.2.3 showed that the lower
sources contribute to the SPL amplification in the far field while
higher sources contribute to the near field SPL amplification. The
moving source approach contains all these contributions, therefore
general trend is that the SPL amplification is distributed to all dis-
tances in the domain and overall levels are mostly higher. From the
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Fig. 14. Sound pressure levels for a receiver at 2 m height, for different incoming
turbulence intensity levels and source types. Shaded regions represent the standard
deviation.
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Fig. 15. Standard deviation (o) of SPL for a receiver at 2 m height under various
flow conditions and source modelling techniques. Dashed lines: Steady source. Full
lines: Moving source.

two figures (Figs. 13 and 14), it can be concluded that the wake
influenced sound pressure levels would be mis-predicted espe-
cially in the low turbulence cases if turbine is modelled as a single
steady source at hub height.

Furthermore, the comparative study between three incoming
turbulence intensity levels shows that the higher the turbulence,
the less important the source type is. For example for 10% case
the SPL difference between the two source modelling types is neg-
ligibly small (=1 dB), while these values reach up to 5 dB for both
cases with 0% and 3%. For the case with 0% incoming turbulence
intensity the abrupt increase of SPL due to severe downward
refraction is seen with both source types. However, the amplifica-
tion is lower for moving source at certain distances. These observa-
tions are in agreement with the wake physics as well. Higher
incoming turbulence results in more mixing and shorter wake.
Hence, refraction of sound waves due to wake induced flow field
is not so influential. Subsequently the source position or modelling
type becomes less important.

The shaded regions in Fig. 14 represent the standard deviation
of SPL. For an easier comparison these values are shown in
Fig. 15. In the near field a clear effect of source type is seen. For
all flow cases with moving source a linear relationship between
distance and standard deviation is detected up to a certain point,
after which the values for both source types collapse. This distance
varies depending on the incoming turbulence intensity. These val-
ues are 180 m and 140 m for 3% and 10%, respectively. The higher
the turbulence intensity, the earlier the source type loses its effect.
Afterwards the fluctuations due to flow dynamics rather than the
source become more important.

At the far field (above 700 m) there is almost no difference
between two source types for the 10% case. However, there is a cer-
tain discrepancy for 3% case which can be explained with the
longer wake. Due to more severe and persistent local downwards
refracting regions the source location becomes a more important
issue for the 3% case. Sound emitted from the lower sources with
wake deficit results in higher contribution to downwards bursting
zones. And with the movement of the source the receiver at certain
distances goes in and out of these increased SPL regions. This
shows that the source type is important for large distances under
low turbulence intensity.

3.4. Comparison between steady and unsteady case

This part of the paper is devoted to the comparison among dif-
ferent flow field input methods. The simulations are carried out
with the moving source approach and three different ways are
used to feed the flow to the acoustic simulations;
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e LES+PE: Fully unsteady case, where the flow field is updated

every instant and the source is translated up and down. This

yields a twenty minutes long SPL time signal which is then
averaged in time.

MeanLES+PE: In total only five simulations are carried out for

five different source heights along the rotor. The flow field is

obtained via time averaging the LES results and remains
unchanged for all simulations. This yields a periodic time signal
which is then averaged in time.

e Analytical Wake+PE (AW+PE): Similar to the method MeanLES
+PE, this time the flow field is obtained from superposition of
the inflow wind profile with an analytical wake model where
the wake growth parameter (k*) is tuned with respect to the
LES results. This yields a periodic time signal which is then aver-
aged in time.

Fig. 16 shows the comparison of time averaged SPL for all three
methods and incoming turbulence intensities. There is a clear dis-
crepancy between AW+PE and the other two methods. The differ-
ence decreases with increasing turbulence intensity however it is
observed that the AW+PE method underestimates the SPL along
the whole propagation path for all cases. For the laminar inflow
case (incoming turbulence intensity 0%) SPL amplification around
the range of 1250 m is captured to a certain extend. Nevertheless
this increase is not as abrupt as in LES+PE or MeanLES+PE. This is
because analytical wake model is a far field model. This means
the method does not capture the flow characteristics in the near
field and the PE method is sensitive to the flow input. In order to
overcome this issue a refined wake model that is capable of captur-
ing the near wake flow field more accurately can be used.

Another important observation is that the discrepancy between
averaged SPL obtained from LES+PE and MeanLES+PE is not very
significant. They both follow a similar trend and the differences
in averaged SPL do not exceed 3 dB. This means the wind turbine
induced turbulence does not influence the downwind sound prop-
agation much.
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Fig. 16. Sound pressure levels for a receiver at 2 m height for three different
incoming turbulence intensity and flow field input methods.

10-04-2018



E. Barlas et al./Applied Acoustics 122 (2017) 51-61

|—LES+PE—I\-IeanLES+PE —AW'+PE|

Page 47 of 131

59

=51 [r=100m TH0% { = v =700m 1 0% = 30l = 2500 m TI 0%
= = =
— — =
ol Ay By
% 45 1 @ *
T 49 | i L i ] - i l L I i T ! i J ! l
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [s] Time [s] Time [s]
=51 r=100m TI 3% L 700 m TI 3% = 30[r = 2500 m TI 3%
= g =
=" N - 3
= = =
o -9 [
w0 ys ] . w
: z 2
49 s L L L 2 . L H . L 0 L L " L L
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [s] Time [s] Time [s]
=51 [r=100m TH0%{ =, [r=700m TL10%| 50l = 2500 m TI 10%
2 g =
= K =
A Ay Ay
@ @ %
(i 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [s] Time [s] Time [s]

Fig. 17. Time signal of SPL for a receiver at 2 m height and different distances for cases with different incoming turbulence intensities. Three different flow field input

methods are used.

Moreover, time signals of sound pressure levels are investi-
gated. Fig. 17 shows the signals for a receiver height of 2 m at three
different location, namely 100 m, 700 m and 2500 m also referred
to as near field, mid-field and far field in this section. It is observed
that in the near field (100 m) for all incoming TI the sound pressure
levels are modulated periodically as a result of the moving source.
Even though certain peaks are visible for the SPL time signal
obtained with LES+PE the peak to trough ratio and the mean SPL
values are same for all three methods. This implies that in the near
field the source is the dominant parameter, which governs the
sound pressure levels rather than the flow input.

In the mid-field (700 m) time signal of all methods collapse
again for the laminar inflow case (incoming T.L. 0%). At this dis-
tance for this case the wake breakdown has not taken place there-
fore the moving source is again the only cause for periodic
modulation that is observed for all methods. However for the other
cases with higher incoming TI (3% and 10%) even though the mean
SPL values are very close to each other for all three methods the
behaviour of the signals are different. AW+PE and MeanLES+PE
shows periodic modulation since there is no changes in the flow.
LES+PE has both the modulation due to changing source height
as well as the turbulent flow field. This yields higher peak to trough
values at various instances in time. For example maximum values
reach up to 23 dB for the case with incoming TI 3% while this is
maximum 18 dB for the TI 10% case. Note that the standard devia-
tion of LES+PE for 3% case is higher than 10% case. This observation
was also underlined in Section 3.3.3 (see Fig. 15). This is because
the ducted acoustic energy due to persistent wake is refracted
downwards and reaches different distances at each instant in time
as the source moves up and down. As a result of this the time signal
at a certain receiver point has higher standard deviation.

In the far field (2500 m) time signals of AW+PE and MeanLES
+PE still show a periodic modulation. However the peak to trough
values decrease with increasing turbulence (i.e. 16 dB, 12 dB and
5dB for 0%, 3% and 10% respectively). From this observation it
can be concluded that if the wake is short enough (e.g. very high
turbulence) the fluctuations that are seen in the far field due to
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the moving source will disappear. The results of LES+PE also sup-
ports this argument. They show a similar trend in terms of stan-
dard deviation. Remembering again the study in Section 3.3.3 the
standard deviation of moving and steady source collapse on the
same line at this distance (above 2300 m).

So far the comparison is restricted with the summed SPL values
that are calculated using Eq. (2). For further investigation fre-
quency dependent spectra for a receiver height of 2 m are depicted
in Fig. 18. From summed and averaged SPL comparison it was clear
that the AW+PE performs poorly and the results do not match the
other two methods. The comparisons of spectra also shows that
AWH+PE does not capture the general trend as LES+PE or MeanLES
+PE. Higher differences are observed for the frequencies over
300 Hz. The frequency dependent comparisons between LES+PE
and MeanLES+PE has interesting output. MeanLES+PE captures
the general trend however LES+PE has a more smeared distribution
of SPL over the whole propagation path which can be explained by
the phase shifts caused by turbulence. This cannot be captured by
running only five simulations without changing the flow field.

4. Discussion

From this study it is clear that the acoustic energy is redis-
tributed downwind from wind turbine, due to the wake-induced
flow field. The main parameter is the persistence of the wake, par-
ticularly in stable atmospheric conditions: there the wake is long,
considerably high SPL amplification is observed in the far field.
There are certain shortcomings of this study that may prevent gen-
eralization to some wake cases. First of all, even though the steady
case investigates three different incoming wind profiles, under
more extreme conditions (i.e. friction velocity u, = 8 m/s) it is pos-
sible that the wake flow may result in SPL attenuation also in far
field as it was pointed out in Lee et al. [11]. Nevertheless, the cases
considered in this study covers the atmospheric conditions that are
commonly encountered and a more detailed study was also carried
out by the authors that investigates the effect of shear and turbu-
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Fig. 18. Frequency dependent (1/3-octave band lower, centre and upper limit) SPL for a receiver at 2 m height for three different incoming turbulence intensity and flow field
input methads. (a) LES+PE - T1 0%, (b) LES+PE - Tl 3%, (c) LES+PE - T 10%, (d) MeanLES+PE - Tl 0%, (e) MeanLES+PE - T1 3%, (f) MeanLES+PE - TI 10%, (g) AW+PE - TI 0%, (h) AW

+PE - TI 3%, (i) AW+PE - Tl 10%.

lence on both downwind and upwind propagation from a wind tur-
bine Bar-las et al. [3]. Additionally, it may be argued that the mov-
ing source approach is a limitation of the present study. Wind
turbine blades rotate in and out of the 2D PE domain instead of
only along one axis. However, the further the receiver, the more
realistic it becomes to model the rotor as a single source that
moves up and down. This is a source modelling technique that cap-
tures most of the dynamics, such as amplitude modulation due to
blade passage.

The unsteady approach which couples PE with LES for wind
turbines is state of the art. However, as comprehensively investi-
gated in Cotté and Blanc-Benon [6], the smallest turbulent scales
should be on the order of the acoustic wavelength for accurate
modelling of the turbulence effect on scattering. This condition
is not met considering the highest frequency resolved using PE
is 630Hz (1=~ 0.5m) and the LES spatial resolution is 2.5 m for
all directions. On the other hand the required resolution is com-
putationally so demanding that a fully resolved coupling is not
considered in this study. Last, it is important to point out that
the current study is limited to flat terrain and homogeneous
ground impedance. These are important parameters that cause
sound waves to reflect differently. Further investigations should
be carried out to see if the dynamic wake effects are larger for
sound propagation over complex terrain and inhomogeneous
ground impedance.

5. Conclusion

It is known that different atmospheric conditions result in
various acoustic refraction patterns. When the source is a wind
turbine, the correct representation of the flow and source itself
becomes even more important because of the constant variations
in the source strength and flow modifications around wind
turbines. In this study, both steady and unsteady approaches
were employed using a 2D PE method coupled to flow fields gen-
erated by an analytical wake model and AL/LES. The main findings
are:
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« Sound waves go through local upward and downward refract-
ing regions, as a result of wake deficit behind a wind turbine.
This means acoustic simulations without the wake cannot prop-
erly estimate the far field noise. This is valid for all atmospheric
stability conditions, incoming wind speeds and source heights
that have been investigated in this study.

It is observed that during stable atmospheric conditions, which
result in long and persistent wakes, far field noise can be
severely under-predicted if the correct flow field is not used.
By comparing two different source modelling techniques (mov-
ing and steady) coupled with LES it is concluded that the effect
of the moving source in far field (beyond 700 m =~ 9 D) dimin-
ishes with increasing incoming turbulence intensity. On the
other hand, at the near field the effect of the moving source is
always felt. The standard deviation values of SPL with steady
and moving source collapse first after 140 m (~1.8 D) for 10%,
while this value is approximately 180 m(~2.3 D) for 3%.

For a single realization of the 2D PE there is a cumulative phase
error caused by intrinsic assumption of effective sound speed
approach (scalar PE - WAPE). However, the discrepancy
between vector and scalar PE using the time dependent LES
results, is negligibly small. This is possibly due to the random
phase shifts at each instant in time caused by turbulent flow
which diminish the error when averaged in time.

The mean SPL behind a wind turbine can be predicted with time
averaged input (MeanLES+PE) almost as accurately as time
dependent input (max. 3 dB). However, the comparison with
PE using an analytical wake model did not yield satisfactory
results. This is because analytical wake models do not capture
the near wake characteristics of the flow. Subsequently the
sound waves are not refracted in the same way as LES results.
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Chapter 4

Statistical Approach for Wind
Turbine Far Field Noise

4.1 Chapter Overview

The previous chapter showed the significant effects of the wind turbine wake on
atmospheric sound propagation. This chapter focuses on the SPL statistics downwind
of a turbine under a variety of atmospheric conditions that are obtained from the
long term meteorological measurements.

The corresponding publication (Sec. 4.2) makes use of the PE calculations that
are driven by the inputs from a RANS solver. First, a set of simulations for the
strategically selected atmospheric conditions are carried out. Subsequently, a statis-
tical approach is used to determine the stability-integrated SPL mean and variance
distributions. It was observed that when the stability-affected propagation results are
aggregated the mean SPL distribution deviate maximum -2 dB (unstable-dominated
site) and 1.5 dB (moderately stable site) from the neutral conditions. While these
values are relatively low the variation of SPL reaches much higher values when in-
vestigated for each atmospheric condition (e.g. maximum 7 dB deviation along the
propagation path for different atmospheric classes). Lastly, the publication also
shows the importance of the temperature inclusion for the sound propagation cal-
culations (especially for the stable climates) via the simulations with and without
temperature distribution.

4.2 Publication

36
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Here we provide statistical low-order characterization of noise propagation from a
single wind turbine, as affected by the mutually-interacting turbine wake and en-
vironmental conditions. This is accomplished via a probabilistic model, applied to
an ensemble of atmospheric conditions based upon atmospheric stability; the latter
follows from the basic form for stability distributions established by Kelly & Gryn-
ing (2010). For each condition, a parabolic-equation (“PE”) acoustic propagation
model is driven by an atmospheric boundary-layer (“ABL”) flow model; the lat-
ter solves Reynolds-Averaged Navier-Stokes (“RANS”) equations of momentum and
temperature, including the effect of stability and ABL depth, along with the drag
due to the wind turbine.

Sound levels are found to be highest downwind for modestly stable conditions not
atypical of mid-latitude climates, and noise levels are also elevated for very stable
conditions. The probabilistic modelling gives both the long-term (ensemble-mean)
noise level and variability as a function of distance, per site-specific atmospheric sta-
bility statistics. The variability increases with distance; for distances beyond 3km
downwind, this variability is highest for stability distributions that are modestly dom-
inated by stable conditions. However, mean noise levels depend on the widths of the
stable and unstable parts of the stability distribution, with more stably-dominated

climates leading to higher mean levels.
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I. INTRODUCTION

Noise emitted by wind turbines can be a major concern for residents living nearby—and is
subsequently an important consideration for the viability of potential wind farms. Turbine-
associated sound levels may vary considerably due to the differing atmospheric conditions
that ocecur, from e.g. day to night and season to season. Both the mean sound pressure level
(SPL), as well as its variability (i.e. the standard deviation ogpr,) are thus of interest for wind-
farm planning and associated tasks. As part of the internal cross-cutting activity on wind
turbine noise propagation at the Danish Technical University (DTU) in 2016, to address the
aforementioned, we developed a statistical model; the model—along with models for tur-
bine noise-source, propagation, and atmospheric low—accounts for sound propagation from
turbine blades through an ensemble of simulated atmospheres incorporating both stability
(buoyancy) and the wind turbine wake. Here we first introduce the various components of

the problem.

a. Medium-range outdoor sound propagation. Sound propagation through the atmo-
spheric boundary layer [ABL], for distances over which turbine noise is relevant (on the
order of hundreds of meters to several kilometers, which we refer to here as ‘medium-range’)
is a complex phenomenon that is influenced by a number of potentially competing effects.
These include geometric spreading, atmospheric (molecular) absorption, attenuation and
reflection by the ground, as well as spatio-temporal deviations in the speed of sound. Theo-
retical’ 7, numerical®®, and experimental®® ' works have shown that due to the last aspect,
some atmospheric conditions can result in far-field SPL that may exceed the noise levels
predicted when considering only geometric spreading, atmospheric absorption, and ground
effects. From field measurements it is clear that wind farm noise can be exceedingly higher
than such predictions'?. This relative increase in SPL—particularly its aggregate effect on

long-term low-order statistics—is not well-quantified with extant noise models or tools.

b. Stability and the atmospheric boundary layer. The primary contributors to fluctua-
tions in the speed of sound are local fluctuations in the wind velocity and temperature fields
(e.g. Embleton'®, Salomons'*). The velocity and temperature fields can each be decom-
posed in terms of a ‘background’ profile which varies in the vertical, plus three-dimensional
turbulent (local) fluctuations'®. The background profiles are considered constant for 10 min-

utes or longer (up to perhaps ~1 hour according to stationarity in the ABL!1¢) while the

2
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turbulent fluctuations vary over time scales ranging from seconds to minutes. The latter are
generally responsible for acoustic scattering and SPL fluctuations over time scales of minutes
or shorter, while a given stability condition is associated with background profiles of tem-
perature and wind speed—and thus the short-term mean (background) sound speed profile,
which we denote ¢(z). Here we are interested in long-term representative statistics, and so
we focus on modelling the sound speed profile, via atmospheric stability, as elucidated be-
low. The sound speed profile is affected by vertical gradients in both the wind speed (shear)
and temperature (lapse rate); the ABL ‘top,” which is characterized by a strong positive
temperature gradient, can occur at heights ranging from ~100-200m (winter/nighttime) up
to 1km or more (sunny day), with shallow ABL’s having a dramatic impact upon both

turbine wake structure and sound propagation.

c. Useof RANS for ABL flows with wind turbines. We wish to model the flow field en-
countered by a wind turbine and also including the turbine wake, as affected by atmospheric
stability (buoyancy); we desire to characterize the resultant multi-dimensional velocity and
temperature fields for use as input to our acoustic propagation calculations. A computational
method which allows such modelling is the solution of the Reynolds-Averaged Navier-Stokes
(RANS) equations; this permits output of the mean flow for a given stability condition, in-
cluding the variation of temperature and wind gradients in space.'” The buoyancy-affected
gradients, in turn, are affected by (and affect) the turbine wake; such interacting effects
of a turbine on the flow are also readily modeled within RANS (e.g. Sharpe!®, Troldborg
et al.'®, Crasto et al.?"). The solver that we use, SCADIS, also gives realistic ABL depths
for a given surface-layer stability; both are important for establishing the vertical gradients

which cause acoustic refraction and ultimately affect the transmission loss.

d. Statistical aspect. In the lower ABL where wind turbines exist, given the importance
of wind shear and vertical temperature gradients on the sound speed profile, the state of
the atmosphere can be characterized by the surface-layer stability?'*??> and also ABL depth

19.23) " But climatologically, the effect of stability on the

(height of temperature inversion
mean vertical profiles—and thus long-term means and variability—depends on the distri-
bution of stability, and also ABL depth?*?®. Here we adopt the probabilistic framework of
Kelly and Gryning?® which gives a form for universal stability distributions, allows them
to be expressed in through long-term statistics. Thus e.g. multi-year low-order noise-level

statistics (mean and variance) are comprised of an ensemble of noise fields, where each mem-

3
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ber of the ensemble corresponds to a representative atmospheric condition; the probability
of each condition dictates the relative contribution of the noise field in that condition to the
long-term noise statistics.

e. Propagation Modeling. The [SO-9613-2 standard?® includes a parameterization for
meteorological (stability) effects; however it is crude (does not depend on actual stability),
and only has a valid range of wind speeds up to 5 m/s—below the wind speeds relevant
for wind turbines?”. Improvements on the ISO-9613-2, such as the Nord2000%® and HAR-
MONOISE? models, have been made by building upon ray-tracing approaches. But these
cannot capture e.g. range-dependent sound-speed profiles, or multiple ground reflections,
respectively®®; the former is relevant due to wind-turbine wakes, and the latter is an issue
in winter and nighttime (stable) conditions. Further, these models do not readily facilitate
prediction of variability per observable stability statistics (again we are interested here in
finding climatologically representative noise statistics). On the other hand, propagation cal-
culations based on the parabolic wave equation can handle varying atmospheric conditions

and multiple reflections®*?; we employ such a method®? in this work.

Structure of this article

The structure of this paper is as follows: first we present our statistical model to represent
turbine noise propagation via a probabilistic stability framework, including the necessary
theory. Secondly we introduce the computational flow model used to simulate an ensemble of
atmospheric flow and temperature fields, including the dynamical effect of a turbine. Then
we introduce the parabolic-equation sound propagation model, with the turbine noise-source
modeling; the latter includes both physical representation and inflow effect, as well as the
simulated noise source. Finally we show results of the aggregate modelling, discussing and

summarizing.

1II. THEORY AND MODELLING

The basis for the acoustic propagation modelling is the parabolic equation (PE) method,
with a 2-dimensional implementation and solver as outlined in Barlas et al.3*. This

solver, which can also account for temperature-induced sound-speed profile deviations®,

4
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is driven by 2-D wind fields generated for different atmospheric stability regimes by an
atmospheric boundary-layer (ABL) flow model; the latter is the Reynolds-averaged Navier-
Stokes (RANS) flow solver ScaDis?.

The mean flow is calculated including the wake effect, via an actuator disc implemen-
tation in ScaDis; this is done because the combined effect of atmospheric stability and the
turbine wake on the flow is crucial in calculating the environmental propagation of turbine
noise. Such sensitivity is primarily due to the fact that the curvature of sound rays can be
dominated by the mean wind profile U(z) as affected by stability (caused by the surface heat
flux), with the temperature profile 7'(z) often playing a less direct role; this is elucidated

later.

A. Probabilistic model of atmospheric representation and propagation

In order to arrive at meaningful turbine-noise propagation statistics, e.g. mean sound
loss as a function of distance downwind, we start by attempting to account for the statis-
tical behavior of the primary variable characterizing the (aggregate) atmospheric effect on
turbine-to-ground propagation: the Obukhov length. In particular, the inverse Obukhov
length, L™' = k(g/To)H/u;?, defined by fluxes of heat (H) and momentum (u?) in the
surface layer (~10-30m above ground), is a direct measure of the atmospheric stability. Fur-
ther, its distribution P(L~!) tends to follow a universal form that is effectively scalable from
site to site, as found by Kelly and Gryning?®; this form has been shown to predict the mean
profile U(z) at various sites®”. The wind profile dominates the sound speed profile, so effect
of stability on the sound speed profile is through the wind shear, particularly approaching
receivers near ground; since we know the range of L™' to be expected across (typical) tur-
bine sites in practice, then knowing the form P(L~1) allows us to sample a number of L=!
and calculate the propagation for each situation. Specifically, we simulate the flow field —
including turbine-induced wake—for a representative range of stability cases, calculate the
propagation loss for each case, and then we are able to compute a weighted sum of the case
results based on the widths of the unstable (L < 0) and stable (L > 0) sides of the stability
distribution.

The stability distribution for the Lille Valby (DK) site is shown in Figure 1, calculated

from two years of sonic-anemometer measurements taken at 10 m above ground. This is

)
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typical for mid-latitude sites?®, and will be later used to represent climatological conditions

for the Risg-DTU turbine noise measurement campaign.

Lille Valby stabillily obs.@z=10m

P

-0.10 -0.05 0.00 0.05 0.10
Lt

FIG. 1. Distribution of stability (inverse Obukhov length) for Lille Valby site. Shaded/red: obser-

vations; blue line is ‘universal’ stability distribution?®.

For our study, we selected 15 stabilities spanning the distribution shown in Figure 1,

including the neutral case of L' =0m™.

While Barlas et al.? calculated propagation
results for only a significantly stable and unstable case, here we address the need to model
the various propagation conditions over the range of stabilities. This is necessary because
sound attenuation can be most significantly reduced for slightly- to modestly-stable cases,
particularly at distances greater than 1km from a turbine; i.e., the most stable cases do not
cause the loudest signals at long distances. Less stable high-wind conditions, which happen

more frequently®®, can enhance propagation, as can ABL depths that tend to occur in such

conditions.

A basic probabilistic model is devised here, which allows estimation of low-order statistics
of turbine noise propagation (and loss) due to varying flow conditions in the ABL. Most
simply, the model calculates a weighted average of sound pressure loss ({ransmission loss,
TL) by sampling over the relevant range of atmospheric stabilities, with the weights taken as

the respective stability probabilities; this is analogous to—and follows from—the stability-
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affected weighted-mean wind profile model of Kelly et al.2>>7. Ideally we have

TL(r, f) = ]TL(T, fILHP(LYdL™ (1)

as a function of frequency f and distance from source r, as well as height above ground (z)
and propagation angle from mean wind direction (Ayp); however, we do not yet consider
the last two aspects, and thus suppress them here in the notation. The integral is in
practice approximated by a sum, sampling the stability distribution P(L~!); thus written

as a weighted average, it is

TL(r, f) = Y a;TL(r, fIL7)P(L; ). (2)

1

Here a; is the weight for each case, proportional to the sampling interval in L~!-space (or

bin-width for each L;'). The 2-sided stability distribution is modelled®*7 by

1 ny Ci 1 2
P = i3y, o [ (17 Clr) ™ (3)

where “+/-” subscripts indicate values for either stable (L' > 0) or unstable (L' < 0)
conditions: o are the variability®® in L™, ny is the fraction of occurence and {C',,C_}=
{1, 3} for stable /unstable conditions, respectively (see Kelly and Gryning?® for more details).
The widths {o,,0_} of the stability distribution for stable and unstable conditions and the
fraction of stable conditions (n, =1—n_) determine the distribution P(L™!), so for a given
{o4,0_,n.} we can calculate P(L™!), and from it the a;, from a limited number of RANS
and PE simulations.

We choose 15 stability cases which span the range stabilities encountered 98% of the time
on the stable side for Lille Valby, giving priority/weight to stable conditions (smaller sam-
pling interval)—because L~! has a greater effect on U(z) and SPL in stable conditions, and
because unstable conditions have an effect which does not vary much with L~! and which sat-
urates for more negative L~! (i.e. the atmosphere is well-mixed for any cases more unstable
than the minimum value we chose). The stabilities L; ' sampled for simulation and analysis
are —12.3,—9.5,—7.7, -5, —3.5,-2.3,-1.6,0,9.7,12.7,19.2,23.2, 32.1,46.5, and 67.8km™};
looking at Figure 1, we can see these cover the range of stabilities encountered at the site
considered here. Again, for stabilities L™ < —0.01m™" the lower ABL is mixed enough to
not give different propagation conditions; for L=! > 0.04m™! (as shown later in this work)
the attenuation does not increase, and there is also very little probability mass there as seen

in Figure 1.
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B. Atmospheric boundary-layer flow model

The SCADIS [SCAlar-DIStribution| flow model is a Reynolds-Averaged Navier-Stokes

(RANS) solver employing a two-equation turbulence closure scheme?’,

including a self-
consistent atmospheric stability formulation that gives results satisfying Monin-Obukhov
theory®®. The code includes the effect of the Coriolis force as well as cloud cover (radiation),
and reproduces both the diurnal cycle as well as associated ABL depth variations. It was
run in 2-D mode with 10m resolution, using the k-w equations?® for turbulence closure.
Diurnal cycles were run with various geostrophic winds (G={8,10,12,14} m/s) in clear con-
ditions, and 50% and 100% cloud cover conditions were also run for G=10m/s. In aggregate,

15 simulation cases were taken, which span the range of stabilities as mentioned above in

section 11 A.

The turbine rotor is located at x = 0 from heights 60 m< z <140m (virtual hub-height
of 100m) above ground level, and is simulated using the common actuator disc method.
The effect of wind turbine on airflow was prescribed via drag force distributed between 50
and 150 m above the ground. The force was also ‘smeared’ over adjacent computational
nodes in the horizontal direction, with three nodes used to smooth the horizontal pressure
gradient like Troldborg et al.*'. A uniformly-distributed drag-coefficient C;=0.2 was used
in the central node of canopy location, and tapered symmetrically in the vertical around the

hub height to account for the cross-sectional area in the cross-stream direction.

Two sample mean flow fields are shown in Figure 2, corresponding to (top) mildly stable
conditions with L' = 0.013m ™! (i.e. higher wind speeds at turbine rotor heights) common
during nights and winter; and (bottom) weakly unstable conditions with L t=-0012m™t,
commonly found during sunny or partly-cloudy days. One can see these are relatively com-
mon by noting that the values of L=! are near the peak region of P(L~') shown in Figure 1
above. The flow fields were generated using ScaDis, for different geostrophic (driving) wind
speeds, above a uniform rural/field roughness (zp=10cm) and flat terrain. One can see the
effect of stability on both the wind profile upwind of the turbine, as well as upon the wake
recovery, from Figure 2. In the wake, the stability affects the “competition” between recov-
ering ambient high shear versus turbulent mixing, and the distance over which these effects

(and the flow) equilibrate.

Another stability-related aspect of the ABL that affects the flow and propagation, which

8
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Stable: Ug=14 m/s, 1/L=0.013 m™!

200 U(mis)
15.0
—_ 150 125
\.,E/ 100 10.0
75
50
50
0 25
-500 O 500 1000 1500 2000 2500 3000
x(m)
Unstable: Ug=8 m/s, 1/L=—0.012 m™!
i U(mis)
150
2
£ 100
50
0
=500 O 500 1000 1500 2000 2500 3000

x(m)

FIG. 2. Input wind fields for weakly stable and unstable regimes, produced by ScaDis. Turbine

rotor (actuator disc) is located at x = 0, z = 100 =40 m.

an is implicitly incorporated in our probabilistic model (2) via ScaDis, is the ABL depth hagpy.
22 In the cases shown in Figure 2, A >250m, but for more stable conditions the ABL can be
23 shallower than 200m (or even 100m in more extreme cases). ScaDis captures the stability-
2 affected depth by simulating the evolving ABL, as well as cloud cover (which causes more
25 neutral conditions and also affects hapr). For example, the most stable case simulated
n (L' = —0.012m™") had a depth hapr ~100m and associated mean ‘jet’ spanning part of
2w the rotor, resulting in negative shear in the wake of the rotor; the flow field from this rarest
28 of simulated cases is shown in Figure 2. Situations like the stable, shallow-ABL case shown

20 in Figure 2 can lead to ducting and enhanced long-range propagation, or also increased

9
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Strongly stable: Ug=8 m/s, 1/L=0.068 m~!

—0500 0 500 1000 1500 2000 2500 3000
x(m)

FIG. 3. Input wind fields for most stable (rarest) sample/case simulated by ScaDis.

attenuation, depending on the ABL depth and the terrain; in fact the latter is more likely

for the case in the figure, as shown in the sections below.

C. Sound Propagation Model

For propagation modelling DTU’s WindSTAR-PRO (Wind turbine Simulation Tool

)343 was used. The tool includes several paral-

for AeRodynamic Noise PROpagation
lelized (MPI) implemetations of Parabolic Equation (PE) models, solved per frequency
and realization. In this study, a two-dimensional wide-angle PE method®! is employed,
where the moving atmosphere is replaced by a hypothetical motionless medium having
an effective speed of sound c.y that accounts for refraction due to wind speed gradients:
cei(T, 2) = c(x, 2) + V,(z, z), where V,, is the component of mean wind velocity along the
direction of propagation between source and receiver, and c is the speed of sound calculated
via ¢ = /7RI, where 7 is the specific heat ratio, R is the gas constant and T is the
temperature (obtained from the flow solver, see also sec. IIB). The spatial resolution in
both directions is set to one eighth of the wavelength (Azx = Az = A/8; where A is the
wavelength of the considered frequency). Only flat terrain is considered and the ground
impedance is characterized using the four-parameter model developed by Attenborough??43
with effective flow resistivity of 200kPam™2s representative for grassland. The other pa-

rameters of the impedance model are kept constant: pore shape factor (s, = 0.75), Prandtl

10
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number (Np, = 0.72), grain shape factor (n' = 0.5), porosity (2 = 0.3), ratio of specific
heats (y = 1.4) and density (p = 1.19 kg/m?). All simulations are carried out for i-octave
band centre frequencies from 20 Hz to 800 Hz and the corresponding sound pressure levels

are summed logarithmically to obtain the overall SPL
N
SPLyo: = 10log,, (Z 10313L(f1)/10)1 (4)
i=1
where N is the number of frequencies used. The sound pressure level SPL(f;) is defined as

SPL(f;,r) = Lw(f:) — 10logy, (47r%) —ra(f;) + TL(fi, ), (5)

where the first three terms on the right-hand side represent the source power level, geo-
metrical spreading, and atmospheric absorption, respectively. The absorption coefficient is
calculated according to ISO 9613-2%6 for air at 20°C with 80% relative humidity.** The last
term represents the transmission ‘loss’: the deviation from the free field of a source due to
ground effects, atmospheric refraction, turbulence, etc.; this last term is calculated using the

PE method.

1. Source modelling: inflow and physical representation

Wind turbines are three-dimensional, complex noise sources, considering the rotation
of the blades and the unsteady flow field around them. Recently a coupled wind turbine
noise generation-propagation model was proposed in Barlas et al.®*, where the source is
represented in a three-dimensional and unsteady manner within the PE solver. In this
study our focus is on the mean sound pressure levels downwind of the turbine, so we use a
mean two-dimensional approach, i.e. with a simplified source representation. Before all the
simulations were carried out for this study, mean integrated sound pressure levels obtained
from the various techniques are compared, in order to justify our simplified choice; these

techniques are described below.

e 3D Weighted Unsteady Source + Unsteady LES Flow (3D-WUS-UF):
At each time step a two-dimensional PE domain is constructed from each blade’s
noisiest element to each receiver location, while the source coordinates remain three-
dimensional (see Fig 4). The background flow field is obtained using LES and inter-

polated and updated at each time step for each 2D PE domain. The source levels are
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obtained from aero-elastically coupled wind turbine noise generation model**. The
propagation simulations are carried out for a 10-minute duration, with 0.1s time step.
This method is taken as the reference, to which the following three methods’ results
are compared. Figure 5 shows the time-variation of source power level and height for

this technique.

e 3D Weighted Unsteady Source + Mean LES Flow (3D-WUS-MF):
Source representation and weighting of the source levels are identical with the previous

technique, but only the time-averaged LES flow field is used as input.

e 2D Weighted Unsteady Source + Mean LES Flow (2D-WUS-MF):
The lateral (y-) coordinate of each source is set to 0, i.e. the 2D PE domain lies in the
z-z plane (Fig. 4). The source levels from the unsteady 3-d (3D-WUS-UF) method

are used, and simulations are carried out for one full revolution.

e 2D Unweighted Unsteady Source + Mean LES Flow (2D-MUS-MF):
The source coordinates are identical to 2D-WUS-MF technique, but time-averaged

source levels are used for all sources and all times.

(-} 100 200 300 400 500
X [m]

FIG. 4. Source representation within the propagation model. Left: Three dimensional and un-

steady approach. Right: Two-dimensional and steady approach.

Figure 6 shows the error ensuing from use of the various source-modelling approaches,
relative to the time-varying 3D-WUS-UF PE simulations. Here ‘error’ is described as the
time-averaged overall SPL difference between the aforementioned source representation tech-

niques at each receiver location. It is seen that the error in the mean 2D source representation
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FIG. 5. Time-varying source power level (left) and vertical location (right) of each blade, for

3D-WUS-UF (each source within PE model).
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FIG. 6. Left: Sound pressure level versus distance for different source and flow field representa-

tions. Right: Error committed with the simplifications of the source and flow field representations.

basically follows the same pattern as the 2D unsteady source method; both vary a small
amount (<0.8dBA) with distance. The relatively small error—and yet smaller variation in
error—incurred when using a mean 2D source formulation allows the error to simply be
modelled as a bias. The focus of this study is the mean propagation per atmospheric con-
ditions based on stability, rather than detailed unsteady representation. Thus the mean 2D
source representation is used here, with acknowledgement of the underestimation of SPL

indicated in Fig. 6.

2. Turbine noise source

The PE solver calculates the frequency-dependent propagation, given a source spectrum;

more details can be found in Barlas et al. (2016, 2017). The turbine noise source was mod-
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FIG. 7. Single source power level distribution with respect to blade azimuthal angle.

elled with the 2D weighted unsteady source technique described in ITC 1. The simulations
were carried out for one full rotation. Subsequently the sound pressure levels were averaged.
The frequency-dependent source power level Ly-(f;) is shown in Figure 7. This plot shows
the variation of the frequency-dependent source power level of a single blade with respect to
its azimuthal angle. The distribution shows a peak around 120 degrees blade location which
is in agreement with the experimental source identification studies that are carried out by
Oerlemans et al.*>. The total propagation result per frequency f; for distance r downwind

from the source is found via eq. (5).

III. RESULTS AND DISCUSSION

The sound pressure levels found via the PE propagation code and eqns. (2)-(5), where the
PE calculation has not (yet) included dT'/dz, are shown in Figure 8 for all cases considered.
The results are plotted as a function of distance, for a receiver height of 2m above ground.
In addition to the different stability cases (colored lines), Fig. 8 shows the total result (solid
black line) calculated using all the cases with the probabilistic model (5) using the Lille
Valby values for the stability distribution (corresponding to Fig. 1).

The stable cases contribute most to elevating the sound pressure level at longer distances,
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FIG. 8. Total SPL for all cases (colored lines), ignoring d7/dz within ¢(z); solid black line is

probability-weighted mean.

Stable Cases, 8%c/dTdz=0
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— 0.023
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FIG. 9. Total SPL ignoring dT'/dz within ¢(z), as in Fig. 8, but for stable cases; also, probability-

weighted mean for all (solid black) and for all stable(dotted black) cases.

due to (wake-affected) shear-induced refraction. Figure 9 shows the stable cases together,
indicating the stability for each case; in addition to the total weighted mean (solid black as
in Fig. 8), the figure also displays the weighted mean SPL for the stable cases only (dotted
black).

From Figure 9 one can see that the most stable cases lead to noise reduction, due also to

the shallow ABL depth accompanying them in the modeled flow field. From the light-blue
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and brown lines (L~! of 0.046 and 0.068 m™') one sees that these most stable cases, with
ABL depths and associated jets occurring below rotor top (as seen in Figure 3), give the
lowest sound levels. Cases with modest stability, which are accompanied by ABL depths
greater than twice the rotor top height in the RANS simulations, show the loudest levels at
long distances.

In the analysis and results thus far, we have not included the effects of the temperature
profile. Although ScaDis provides T'(z), the vertical variation of T was not initially used in
the effective sound speed profile ¢.g(z) for the PE solver, because the wind speed profile—
notably the shear, dU/dz—contribute much more to ce.g(z). But for very stable cases with
a shallow ABL, the temperature may have a significant effect. Indeed, incorporating the
temperature profile into ceq(z) changes the results for such cases, as evinced in Figure 10.
The figure shows results including the effect of T(z). One can see in Fig. 10 that the
weakly-stable case, which has the least transmission loss (i.e. loudest noise, orange lines),
is not affected much by inclusion of the temperature profile; however, the most stable cases
are significantly impacted by accounting for 7'(z) in cog(2z), with an increase of several dB in
SPL for distances beyond 1km. Thus inclusion of 07'/0z for very stable cases increases the
long-range SPL predictions, though the weighted mean (dotted black line for stable cases,
black for all cases in Fig. 10) changes modestly because increasingly stable cases occur with
decreasing frequency. However, we note that the SPL for stable cases is still higher than in

unstable cases.

Stable Cases, with dT/dz in ¢(z)

L' (m™)
— 0.01
0.013
— 0.019
— 0.023
— 0.032
— 0.046
— 0.068

500 1000 2000 5000

FIG. 10. SPL including T'(z) within ¢(z); probability-weighted mean for all (solid black) and for
all stable(dotted black).
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To further demonstrate the utility of the probabilistic method, as driven by a strategi-
cally sampled set of PE and RANS simulations, Figure 11 displays the total SPL for different
representative climates, calculated using (2); the bottom plot in the figure also displays the
integrated SPL for each respective climate minus the neutral climate’s integrated SPL, as
a function of distance downwind, i.e. the overall change compared to having no surface-
induced stability effects. The climates are: the typical mid-latidude/temperate case (Lille
Valby) considered above; a very unstable climate (Basel, Switzerland) and stabler condi-
tions (Cabauw, NL) found by Kelly and Gryning?®; a neutral climate; and a very stable
climate. The stability distribution P(L™') and consequent simulation-case weights a; corre-
sponding to the first three were found based on the measured {n,,o.,o_} from each site;
then the weighted average of all cases was calculated for each site via (2). The ‘very stable’
climate has {n,,o,,0_} equal to {0.86,0.06m™!,0.02m™'}, while the neutral-dominated
case has {n,,o,,0_} ={0.5,0.03m~",0.01m~"}.

From Figure 11 one can see that overall, there does not appear to be a large difference
in SPL, when stability-affected propagation results are aggregated (in effect, averaged with
weights) according the distribution of stability conditions at typical sites: there is less than
1dB difference between the modestly stable (Cabauw), typical (Lille Valby), and neutral
cases. This is not completely surprising, since neutral conditions dominate the stability
distribution at such sites. The unstable/convectively-dominated Basel site results do show
up to 2 dB lower SPL, which could likely be reduced yet further if turbulent scattering were
also included®'®. The very stable climate shows increasing SPL relative to neutral conditions
for distances from ~1-2 km, with levels more than 1 dB louder at ~3-4.5 km downwind. The
figure further indicates that over distances up to ~1 km the propagation (which also includes
atmospheric absorption and geometrical spreading) is roughly approximated by r=2% (~18/7,
dotted line). However for distances beyond ~ 20zy,, the modeled long-term mean SPL
downwind has a distance-dependence more like 72 (dot-dashed line); i.e. wake, stability,
and ground effects roughly cancel the effect of atmospheric absorption, when summed over
audible frequencies.

To show the expected long-term variability in SPL for each case (climate), Figure 12
displays the P(L~!)-weighted variance, i.e. the probability-weighted integral of the square
of SPL difference from climate-mean, as a function of distance downwind. One can see the

effect of stability on the variability, considering the weighted-variances of SPL plotted in
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FIG. 11. Top: Overall (stability-integrated) mean SPL for different climates; bottom: difference
between overall SPL and neutral result. Black (top): neutral climate; gray/thick: typical mid-
latitude (Lille Valby, as in Figs. 9-10); green: modestly stable climate (Cabauw); red: unstable

climate (Basel); blue: very stable climate.

w3 Fig. 12; the ‘neutral’ climate is again defined above as having a very narrow distribution,

s+ and for a purely neutral climate then the relative SPL variability ogp;, would be 0. Fig. 12

w5 also shows that for very stable climates, the variability is slightly higher than for more typical

about:blank
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FIG. 12. Stability-integrated variance of SPL relative to the respective mean for different climates,

as a function of distance downwind. Black: neutral climate; gray/thick: typical mid-latitude (Lille

Valby, as in Figs. 9-10); green: modestly stable climate (Cabauw); red: unstable climate (Basel);

blue: very stable climate.

climates dominated by stable conditions, at least for distances downwind up to roughly 3 km.
Beyond that distance downwind, something potentially counter-intuitive happens: the more
modestly stable distributions (more typical climates) show higher ogp, for r from ~3km-5km.
These variances are equivalent to rms SPL deviation amplitudes that grow from roughly 1dB
to 2.5dB as one considers distances that increase from ~1.3km to 4.5km downwind. The
distribution dominated by unstable conditions (Basel site) shows less variability, but this is

partly due to our propagation model not including turbulent scattering.

Regarding downwind propagation and stability

The results seen in Figures 9-12 are also supported by theory, which can also give a
guide to inclusion or exclusion of vertical temperature gradients in the acoustic modelling.
Considering downwind propagation, the effective speed of sound (including the wind speed)*%

has a vertical derivative

deeg  9c T | OJceg OV,  OU

7 [cos(ep — pu) +

e T c OT/0z
dz 9T 9z 9V, d= 9z

2Ty AU /9= (6)
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where ¢(z) = /yRT(z) is the temperature-dependent speed of sound, 7 is the specific
heat ratio, R is the gas constant, V, is the component of mean wind velocity along the
direction of propagation, U is the mean wind speed, and ¢, — ¢y is the angle between
the direction of propagation and mean wind. For propagation directly downwind from
a wind turbine, cos(y, — ¢u)=1; since in the ABL one may invoke similarity to write

0U/0z = (u./kz)P,(z/L) and 0T /0z = (0. /kz)P,(z/L), then

c 0. Pu(z/L) ou |4
2u, Ty ®,,(z/ L) 0z gL

dccff
dz

NBU[

=0 (7)

Pr=pU
because ®;, and ®,, do not differ much (see e.g. Businger et al.%") particularly for the
stability range considered. Then one sees in (7) that for L™ < g/cu,, we can ignore the
JT/0z contribution to deeg/dz. For most stability distributions, such as those we have
treated, we see that the the tails of P(L™!') are at L' which do not allow such ignorance
of 9T /9= —as evidenced by the difference between the results in Fig. 9 (caclulated without
dT/dz in co) and Fig. 10 (calculated including dT'/dz). From (6) one may also note that
JOT /0= becomes more relevant for propagation directions differing more from the mean wind
direction; i.e. for L' not negligible compared to ~ gcos(p, — prr)/(cu.) then temperature
effects can matter. Climatologically, this means that for directions deviating from downwind,

then temperature gradients, e.g. the inversion at ABL top, become more important.

IV. SUMMARY AND CONCLUSION

In this work a probabilistic model for propagation conditions was developed, facilitating
prediction of long-term (multi-year) wind turbine noise propagation statistics downwind. A
universal analytic form of the probability density function of surface-layer stability P(L~1)
over land?® (where L is Obukhov length), which depends on three parameters calculable from
long-term meteorological (sonic anemometer) measurements, allows calculation of frequency-
weighted statistics representative of yearly atmospheric conditions for a given site (ultimately
over a turbine lifetime). Based on the form of the stability distribution and the range
of stability conditions possible for turbine sites, an ensemble of stability conditions, i.e.
atmospheric classes, were made; a corresponding set of simulations were carried out using
the atmospheric RANS solver ScaDis. For each class the simulation has a different mean

wind speed and surface heat flux (thus stability), as well as corresponding ABL depth
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via the solution. The flow field for each simulation was used as input to drive the PE
acoustic propagation model, which gave distance-dependent results for each atmospheric
class. Noise propagation statistics were obtained using statistical weights according to the
stability distribution, for a number of climates spanning conditions expected at wind farm
sites.

Predicted noise levels were highest for modestly stable conditions, which occur during
winter and nighttime in mid-latitude climates, while modelled SPL was also elevated for
very stable (rarer) conditions. The latter is due to reduced depth of the ABL with increas-
ing near-surface stability and the turbine wake. The effect of the ABL-capping temperature
inversion on sound refraction via both the wind shear and temperature gradient is crucial,
and captured via the flow model—which also accounts for the variation of ABL depth with
surface stability. We again note the role of the temperature gradient (including its value
within the ABL-capping ‘inversion’) in the sound propagation calculations, especially for sta-
ble climates; herein we have also introduced a basic scaling analysis to gauge the importance
of dT/dz relative to dU/dz on the propagation.

For the unstable-dominated climate (Basel, heat-island) the P(L~")-weighted mean SPL
was lower than the neutral SPL, with the difference (SPL—SPL, u;a1) increasing with dis-
tance downwind for r >~1km; the difference grew to —2dB at a distance of 5km for this
case. For typical (non-tropical) turbine sites dominated more by stable conditions (due to
buoyancy affecting wind shear more in stable conditions than in unstable 0011diti0n521=25),
the mean SPL was a bit higher (~ % dB) than in absolute neutral conditions for distances
of ~1-2km and ~3-4.5km, but similar to or less than the neutral result at ~2-3km and
~4.5-5km downwind. For an extremely stably-dominated climate, i.e. with a relatively
long tail on the stable side of the 1/L distribution (such as what could be found in some
climates with harsh winters and/or typically clear nights much colder than daytime), then
a more significant relative increase in noise level is found beyond ~1km downwind—with
[SPL—SPLpeutra] approaching 1.5dB for the stability statistics outlined in section II A for
this stability distribution.

While the mean SPL differences (relative to neutral conditions) may seem relatively small,
the variability of SPL is significantly larger, especially for typical climates. The probability-
weighted variability ogp;, generally increases with distance. For r >~3 km downwind, ogpy,

is highest for stability distributions commonly found in mid-latitudes (modestly dominated
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by stable conditions, e.g. Lille Valby and Cabauw shown above) between 2-3dB in that
range. We point out that such variability can be significant, given that the overall levels
predicted at distances beyond ~3km are ~15-20 dB—mnot far from the audibility threshold

of the human hearing considering the effect of e.g. sleeping indoors with open windows.

Discussion and outlook

As is the case with all modelling, the methodology using in this work involved some
simplifying assumptions. The aim was to show long-term mean and rms turbine noise
levels, as affected by the interacting wake and ABL including buoyancy. This begins with
the assumption that surface-layer stability (reciprocal Obukhov length L=!) can be used to
build an ensemble of members which together represent the propagation conditions. Thus
we effectively reduce the joint-distribution of near-surface friction velocity (u,) and surface
heat flux, collapsing such into P(L~1); such an assumption becomes tenuous e.g. offshore
or across lakes®”. We have also used the ABL depths simulated by SCADIS based on
each representative condition’s surface heat flux (and cloudiness) and (geostrophic) wind
speed, with a predefined value of ‘free-atmosphere’ temperature gradient above the ABL; to
expand our analysis to be more complete, we wish to repeat the modelling for different free-
atmosphere dT'/dz. Further, we have only used a single ABL depth (z;) per surface-stability;
expanding the ensemble to include multiple z; for each 1/L, e.g. via the distribution*® of z;
(such as was characterized by Lin and Liang?*), also would refine our results.

Note also that the turbine representation (actuator disc) within the RANS flow-solver
could be refined; here we began with a basic implementation which reproduces the key
spatially- and stability-dependent flow features such as the wake, its decay, and associated
{dU/dz.dT/dz}. A more sophisticated thrust-coeflicient (and thus drag) description could
be attempted, and e.g. the wake-decay and its sensitivity to parameterization could be
investigated.

We note that the use of the 2D mean-flow source function involves another assumption,
in effect: that stability and associated wind shear does not appreciably affect the ‘bias’
incurred relative to use of a 3D source with unsteady inflow. As shown in section IIC 1 and
Fig. 6, this bias (mean error) is less than 0.5dB at 2km distance downwind, diminishing

to ~0.1dB at 5km downwind; thus the stability-affected bias is not likely to be significant,
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but could be explored.

In this work we have presented unweighted SPL, integrated over frequency, in order
to show overall noise statistics. Further Frequency-dependent analysis, particularly over
different surfaces and for a larger number of cases (the latter mentioned in the paragraphs
above), is a subject of future work; this is relevant e.g. for domicile interaction and indoor

noise (such as rattling windows) as well as supporting investigation of noise modulation.
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Chapter 5

Consistent Modelling of Wind
Turbine Noise Propagation

5.1 Chapter Overview

So far the focus of the thesis has been on the atmospheric effects on sound propa-
gation. However, the issue that we are addressing is the wind turbine noise and its
variation. This variation is a result of both the constant change in source levels (due
to the interaction of the rotating blades and the turbulent inflow and changes in
operating conditions) and the unsteady and inherently random propagation through
turbulent atmosphere.

The corresponding publication in this chapter (Sec. 5.2) addresses this issue
with a new model that combines the modelling of wind turbine noise generation
and propagation. The main objective is to propose a model that takes into account
both phenomena consistently in an unsteady and quasi three dimensional manner.
First, the models are introduced and the coupling procedure is explained in detail.
Second, the simulations are carried out for two different hub height wind speeds
and surface roughness values. The results are presented mostly in a differential way
(difference in source only and coupled source-propagation simulations) to underline
the effects of propagation on both time averaged and time dependent results. The
possible explanations for the increased far field modulation levels are discussed and
attributed to the wind turbine blade rotation and unsteady wake dynamics.

5.2 Publication
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Consistent Modelling of Wind Turbine Noise Propagation from Source to Receiver
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The unsteady nature of wind turbine noise is a major reason for annoyance. The variation of far-
field sound pressure levels is not only caused by the continuous change in wind turbine noise source
levels but also by the unsteady flow field and the ground characteristics between the turbine and
receiver. To take these phenomena into account, a consistent numerical technique that models the
sound propagation from the source to receiver is developed. Large eddy simulation with an actuator
line technique is employed for the flow modelling and the corresponding flow fields are used to
simulate sound generation and propagation. The local blade relative velocity, angle of attack, and
turbulence characteristics are input to the sound generation model. Time-dependent blade locations
and the velocity between the noise source and receiver are considered within a quasi 3D propagation
model. Long-range noise propagation of a 5 mega-watt wind turbine is investigated. Sound pressure
level time series evaluated at the source time are studied for varying wind speeds, surface roughness,
and ground impedances within a 2000 m radius from the turbine.

PACS numbers: PACS: 43.30.Vh, 43.60.Ac, 43.60.Bf, 43.60.Hj

I. INTRODUCTION

As a result of increasing demand for renewable en-
ergy, fewer suitable land-based sites are available for
wind farms. Given that noise is a primary obstacle for
gaining broad public acceptance, the accurate noise as-
sessment of wind turbines is a necessity. Accurate pre-
dictions of far-field wind turbine noise require the knowl-
edge of the source levels and a realistic representation of
the medium between the turbines and the receivers in
which the sound propagation takes place. This is a com-
plex task as both phenomena depend on a wide range of
parameters.

The classical approach for far-field noise predictions
assumes an overall source power level for a wind tur-
bine dependent on its rotor diameter (RD) and uses a
propagation relationship based on hemispherical spread-
ing. Even though this approach neglects many physical
processes, it has been the standard for some years [1].
A more advanced method is the Nord2000 that uses a
semianalytical ray tracing model that models refraction
effects using a linear approximation for the sound speed
profile [2]. There are other corrections applied for un-
dulating terrain and ground impedance. Ewven though
this model was demonstrably more accurate than many
other models [3], there are certain shortcomings. For
example, the source model is a monopole at hub-height
used to represent the wind turbine irrespective of RD
and the source strength is independent of the inflow con-
ditions. The ray tracing method has been used for pre-
dicting noise from single wind turbines as well as wind

* wjzhu@yzu.edu.cn

farms in Refs. [4, 5]. Effects of various parameters, such
as wind direction, ground impedance, and turbulence,
were studied. Moreover, full-scale meteorological exper-
iments and micro-scale models were used as input for
the ray-tracing model and the effects of wakes were in-
vestigated [6]. Apart from the ray-tracing models, the
parabolic equation (PE) method has also been used to
address far-field wind turbine noise. Results obtained
from the PE method were compared with various engi-
neering models in Ref. [7] and suggestions for further
research, such as realistic source representation and in-
clusion of terrain, were proposed. Flow fields obtained
from Reynolds-averaged Navier-Stokes simulations were
incorporated with the PE method in Ref. [8] and the
variation of the wake effects on far-field noise for differ-
ent incoming shears were studied. A similar methodol-
ogy was employed in Refs. [9, 10] using large eddy sim-
ulation (LES) flow fields with unsteady source represen-
tation. While high-fidelity models used in these studies
modelled the propagation physics more accurately, they
did not consider the source characteristics in detail.

A commonly used method to model the wind turbine
noise source was described in Refs. [11, 12]. The method
divides the wind turbine blades into airfoil segments and
sums the contribution of each segment’s noise levels cal-
culated using semiempirical relationships. This source
model along with simple propagation calculations were
used in Ref. [13] and the results were compared to near-
field experiments. A similar source model was employed
and coupled with the ray-tracing method in Ref. [14].
Even though these models represented the source more
accurately, the propagation effects were not well studied.

The aforementioned models tend to focus on one side
of the phenomenon (i.e., either a detailed source rep-

10-04-2018



about:blank

resentation is used but propagation physics are disre-
garded or the opposite.) Another major shortcoming of
most modelling techniques is their steady nature. Lis-
tening room experiments [15-17] and dose-response re-
lationship studies [18, 19] showed a correlation between
the source unsteadiness and the annoyance, particularly
for wind turbines. Additionally, field experiments em-
phasized the considerable modification of far-field noise
levels and characteristics under various atmospheric con-
ditions [20, 21]. A recent study showed qualitative re-
sults relating the wind direction and the number of com-
plaints received from various wind farms [22]. They
highlighted that the downwind receivers, who charac-
terized the noise as thumping, were the most annoyed
for distances greater than 2.5 km.

Although previous field experiments have underlined
the effect of atmospheric conditions, the existing predic-
tion tools do not consider the complicated flow around
wind turbines and its effect on sound generation and
propagation. There is a need for a model that includes
the interaction between the incoming turbulent flow and
the wind turbine, and the propagation physics consis-
tently. The modular methodology proposed in this ar-
ticle attempts to fill the aforementioned gap. Here, the
name “modular” refers to the fact that the models are
loosely coupled such that the flow, source, and propa-
gation models can be replaced with alternatives in the
future. The technique uses a sound-generation model
based on semiempirical modelling of airfoil noise within
an aeroelastic tool and a propagation model based on the
PE method. LES with an actuator line (AL) technique
is employed for low modelling. Using the LES flow fields
as inputs to the aeroelastically coupled aeroacoustic sim-
ulations provides the ability to model wind turbine noise
generation including its structural dynamics and inter-
action with the incoming turbulent flow. Although the
aeroacoustic source models were obtained with the as-
sumption of rigid bodies, the angle of attack change due
to the flexibility of the blade is considered in the model.
The constant change in the source levels and the spec-
tral characteristics due to interactions between rotating
blades, unsteady inflow, and turbine operational condi-
tions can be taken into account. After each time step of
the source calculation, each blade is represented with a
single point source within the PE domains and indepen-
dent simulations are carried out for each receiver. This
approach ensures that the directivity, source strength,
and realistic flow field between the source and receiver
are taken into account. Using the time-dependent flow
fields and source locations and strengths, successive PE
simulations are conducted. Subsequently, the near- and
far-field noise levels of a 5 MW wind turbine for different
incoming shear values and wind speeds are investigated.

The article is organized as follows. Section II describes
the numerical methods and gives details about their im-
plementation. Section III provides the modular method-
ology. Results are presented in Sec. 1V, which is followed
by the conclusions in Sec. V.
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II. NUMERICAL METHODS

In this study, the National Renewable Energy Labo-
ratory (NREL) 5 MW reference wind turbine is used.
The wind turbine has a rotor diameter of 126 m and a
hub-height of 90 m. The structural and aerodynamic
characteristics of the wind turbine are detailed in Ref.
[23] and the necessary inputs are released with FAST v8
simulation tool [24]. The controller is not used because
the rotational speed of the wind turbine is kept constant
at 7.8 rpm and 10.17 rpm for a 6 m/s and 9 m/s hub-
height wind speed, respectively. The next three subsec-
tions detail the flow, source, and propagation models.

A. Flow model

The Technical University of Denmark’s (DTU)
pseudo-spectral incompressible Navier-Stokes solver is
used to model the flow around the wind turbine [25].
The code solves the filtered continuity and momentum
conservation equations in three-dimensional (3D) form
with the Smagorinsky subgrid scale model [26]. The flow
is driven by a pressure gradient wherein the turbulence
is maintained solely because of shear stresses rather than
buoyancy forces. This will also impact the sound propa-
gation model as the temperature distribution, and thus
the speed of sound is assumed to be constant. To cap-
ture the desired boundary layer characteristics, a wall
model is applied at the bottom boundary. With this
setup, the simulations are run until the boundary layer
is established for a given hub-height wind speed (Uj) and
a surface roughness value (zg). After this and with the
same initial conditions, two simulations are conducted
with and without the turbine for each case listed in Ta-
ble I.

The wind turbine rotor is modelled via the AL tech-
nique [27], in which a body force distributed along the
blade ‘lines’ are used to represent the rotor blades. The
AL technique is an efficient method to mimic the effect
of wind turbines on the flow. It utilizes the tabulated
airfoil lift and drag coefficients and the instantanecous
velocity fields to determine the blade forces. Compar-
isons with field and wind tunnel experiments showed
that the AL simulations can capture the wind turbine
blade loading as well as the flow around it within an
acceptable accuracy [28, 29].

To avoid the downwind flow affecting the flow upwind
of the wind turbine due to periodic boundary conditions
in the horizontal direction, a buffer zone is applied to
smoothly adjust the flow from the very-far-wake down-
wind to that of the precursor simulation. Figure 1 shows
a snapshot of the streamwise velocity in Case 1 interpo-
lated onto slices at five azimuthal angles between the
turbine and the selected receiver locations.
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FIG. 1. (Color online) Snapshot of the streamwise velocity in Case 1 for five azimuthal angles used for propagation calculations.

TABLE 1. Numerical setup for the flow simulations. Grid
points and spacing are tabulated in the streamwise, lateral,
and vertical directions, respectively.

Ny - Ny - N, Ay- Ay - Ay (m) zp(m) Up(m/s)

Case 1 [800x200%300 4 x 4 x 2 0.5 6
Case 2 [800x200x300 4 x 4 x 2 0.005 6
Case 3 [800x200x300 4 x 4 x 2 0.5 9
Case 4 [800x200x300 4 x 4 x 2 0.005 9

B. Aerodynamic noise source model

For the wind turbine noise source model, we use
an aeroacoustics module based on NREL AirFoil Noise
(NAFNoise) code [30] within the FAST v8 modular
framework. In this article, we call this integrated code
FAST v8+AA (aeroacoustics), which allows the mod-
elling of aerodynamic noise generated by the blades in
consideration of wind turbine structural dynamics and
its interaction with the incoming turbulent flow. Using
the blade element theory, each blade is divided into a
number of two-dimensional (2D) airfoil elements. The
total noise level at a given receiver location is predicted
as the sum of the contributions from all the blade ele-
ments. This prediction method implicitly assumes that
the noise generation mechanisms for all blade elements
and all models are uncorrelated. Limitations of this as-
sumption were investigated in Ref. [31], in which a cor-
rection method for 3D correlation was proposed. Con-
sidering that the span-over-chord ratio for each element
is around 1.5 in the outer part of the blade, the error

caused by this assumption does not exceed 2 dB for 20
Hz and decreases with frequency (negligibly small for
frequencies above 100 Hz). Because it is rather com-
plicated to calculate sound pressure levels (SPL) with
3D correlated formulae, we use the uncorrelated version
in this study. Furthermore, it is worthwhile to mention
that the convective amplification and Doppler effects are
not taken into account in the present model.

Figure 2 shows a snapshot of the flow field that the
turbine is exposed to, two selected receivers, and the
symbolic rays traced from the blade elements. For each
element and time step, the local angle of attack and rela-
tive velocity are output from the aeroelastic solver. The
changing angle of attack and the turbulence intensity
are the main contributors of the noise modulation. The
time-averaged angle of attack in the rotor area is shown
in Fig. 3. The vertical wind shear is the dominant fac-
tor causing the angle of attack variation and Case 1 has
a more drastic change over one revolution than Case 2.
In addition, there is an asymmetry along the y axis be-
cause of a relatively small horizontal wind shear and the
effect of the tower on the incoming flow.

In the present study, only two types of aerodynamic
noise have been included: turbulent boundary layer
trailing-edge and turbulent inflow noise. The models
and methods used for obtaining the necessary inputs
are explained below.

1. Turbulent boundary layer trailing-edge noise (TBLTE):

The total SPL of noise generated from the interaction
of the turbulent boundary layer with the trailing edge is
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FIG. 2. (Color online) Schematic of the wind turbine noise-
generation model and inflow. Each airfoil segments’ noise
contribution is summed up at each receiver location.
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FIG. 3. (Color online) Time-averaged angle of attack at the
rotor plane for Case 1 (left) and Case 2 (right).

calculated through the summation of the different con-
tributions of noise on the pressure side, the suction side,
and angle-dependent noise. These three noise mech-
anisms can be modelled semiempirically using scaling
laws (see Brooks, Pope, and Marcolini (BPM) [32]). Dif-
ferent from the classical BPM noise generation model,
the boundary layer characteristics in this study are ob-
tained from Q3UIC (DTU’s viscous-inviscid interactive
boundary layer flow solver), which is more accurate than
XFOIL (a viscous-inviseid interactive code for subsonic
isolated airfoils) [33]. For a range of Reynolds numbers
and angles of attack, the boundary layer thickness values
are calculated and used as inputs to FAST v8. At each
time step, each blade element’s boundary layer thick-
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ness is interpolated for the corresponding airfoil, local
angle of attack, and Reynolds number. Additionally,
the angle of attack values used for the separation flag
(a conditional switch used in the classical BPM model)
is modified according to the lift coefficient curves of the
blade airfoils used.

2. Turbulent Inflow Noise:

The turbulent inflow noise model developed in Refs.
(34, 35] is used for inflow noise estimation, including a
correction for airfoil thickness proposed in Ref. [36]. The
turbulence intensity (T1) is calculated by taking into ac-
count the inflow characteristics obtained from the flow
simulations (Sec. IT'A) and instantaneous airfoil loca-
tions. First, TT is calculated in the 2D plane at 1 RD
upstream of the turbine for each 10-minute data set and
stored. This calculation is used as input to FAST v8
and then at each time instant the TI value at each air-
foil location is interpolated and assigned. The integral
turbulent length scale (L) is calculated using the rela-
tionship in Ref. [37] that can be expressed as a func-
tion of a nondimensional roughness parameter, «,., and
height, z: L = 25z93q70-053 A more up-to-date ex-
pression for length-scale distribution with height can be
found in Ref. [38]. However, in this study we consider
only the given expression with the «, values 0.01 and
0.2 to represent open sea flat terrain and open country,
respectively.

As explained in Sec.IT A, the flow solver models only
the shear-generated turbulence. This approach results in
higher turbulence levels for higher shear cases. Figure 4
shows the averaged streamwise velocity and TT for Cases
1 and 2. The corresponding SPL spectra for a ground-
level receiver 2 RD downstream of the turbine are de-
picted in Fig. 5. It is observed that the low-frequency
content (below 130 Hz) is dominated by the turbulent
inflow noise. Therefore, Case 1 levels are higher than
those in Case 2 within this frequency range. The other
dominant noise source is from the TBLTE suction side.
It dominates the midrange frequencies (between 200 Hz
and 800 Hz). The difference between the two cases in
this frequency range is negligibly small. This observa-
tion is in line with Ref. [39]. While the incoming shear
is not that effective on sound generation, it has a sig-
nificant effect on sound propagation, thus the far-field
levels [40]. This effect will be investigated in detail in
Sec. IV.

C. Sound propagation model

For the sound propagation modelling, we use DTU’s
WindSTAR-Pro (Wind turbine Simulation Tool for
AeRodynamic Noise Propagation). The tool implements
a variety of 2D PE models in a FORTRAN environment
with a message passing interface parallelization strategy
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FIG. 4. (Color online) Time-averaged streamwise velocity
(top) and turbulence intensity (bottom) at 1 RD upstream
of the turbine for Case 1 and Case 2.

in frequency and realization/time step. The code has
been validated and used for various propagation calcu-
lations in Ref. [9]. In this study, the two-dimensional,
wide-angle, Crank-Nicholson, parabolic equation is used
with the starter function and the implementation details
given in Ref. [41]. The method uses the effective speed
of sound approach wherein the moving atmosphere is
replaced by a hypothetical motionless medium with an
effective sound speed ceg = ¢ + v, where v, is the wind
velocity component along the direction of propagation
between the source and receiver [42]. In this study, the
speed of sound is kept constant (c(z,z) = 340 m/s) in
the whole domain, and the propagation phenomena (i.e.,
refraction, diffraction, scattering) is solely due to the
wind speed and its fluctuations around the wind turbine.
This approach is representative of a neutrally stratified
atmosphere on a day with high wind or thick cloud layers
[43]. Figure 6 shows the time-averaged effective sound
speed profiles at multiple locations in the midvertical
plane obtained from the simulations listed in Table 1.
It is observed that each case has a distinct shear even
though the hub-height wind speeds are the same for the
first two and last two. Additionally, for the same surface
roughness increasing the hub-height wind speed from 6
m/s to 9 m/s results in increasing shear. It is clear that
Cases 3 and 4 have higher shear values than Cases 1
and 2, respectively. While the upstream profiles are the
main parameters for the upwind propagation character-
istics, the wake evolution is the determining factor for
the downwind propagation (see Sec. IV).
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For the Crank-Nicholson parabolic equation calcula-
tions, the spatial resolution in both directions is set to
one-eighth of the wavelength (Az = Az = A/8, where
A is the wavelength of the considered frequency). Only
flat terrain is considered and the ground impedance is
characterized using the four-parameter model proposed
in Ref. [44] with effective flow resistivity of 200 kPas/m?
and 200 - 10* kPas/m?; representative values for grass-
land and hard ground, respectively. These two ground
covers were selected to define land-based and offshore
conditions. The latter is important because the noise
from offshore wind farms can be audible in long dis-
tances, as a result of hard ground and various atmo-
spheric phenomena [45]. The other parameters of the
impedance model are kept constant: pore shape factor
(sp = 0.75), Prandtl number (Np, = 0.72), grain shape
factor (n' = 0.5), porosity (€ = 0.3), ratio of specific
heats (v = 1.4), and density (p = 1.19 kg/m?).

All simulations are carried out for 1/3-octave band
centre frequencies from 20 Hz to 800 Hz, because the fre-
quencies above have a negligible contribution (less than
0.1 dB for Case 1 calculations) to the overall SPL due to
atmospheric absorption as well as the dominant part of
the spectra shown in Fig. 5. The corresponding sound
pressure levels in each band are summed logarithmically
to obtain the overall SPL:

N
Lpaum = 10log, (D 1041/10) )
i=1

Here, N is the number of frequencies used and Ly(f;) is
the sound pressure level defined as:

Ly(fi) = Lw(fi) — 10log;o(47R?) — a(fi) R + AL(fi(),)

2
where the first two terms on the right-hand side (source
power level and geometrical spreading) are obtained
from the source model explained in Sec. IIB for each
receiver location. The third term represents the atmo-
spheric absorption wherein the absorption coefficient is
calculated according to International Standards Organi-
zation 9613-1 for air at 20°C with 80% relative humid-
ity. The last term is the relative SPL that represents
the deviation of a source from the free field as a re-
sult of ground and atmospheric effects. This last term
is calculated using the PE method. Figure 7 shows a
schematic of nine 2D PE domains from three blades
to three receiver locations at one time instant. For
each frequency and receiver, each blade is modelled as
a monopole source, depicted with the red spheres in the
figure.

III. MODULAR METHODOLOGY

This section is devoted to the explanation of the mod-
ular methodology that allows for a loose coupling of the
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FIG. 5. (Color online) Time-averaged SPL spectra obtained from the FAST v8 calculations 2 RD downwind of the turbine.
Left: Various noise source mechanisms for Case 1. Right: Comparison of Case 1 and 2.
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FIG. 6. (Color online) Time-averaged effective sound speed profiles for four cases listed in Table I at multiple locations.
Horizontal black lines represent the bottom and top tip height of the wind turbine.

three models explained in Sec. IL
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1. First, the flow field is simulated using LES. A 2D

slice in spanwise and vertical directions (y-z slice)
1 RD upstream of the wind turbine is stored at
each time step (0.02 s) to be used as input for the
source simulations. The entire 3D flow field is also
stored with a sampling frequency of 10 Hz to be
used for propagation simulations.

2. The flow field sampled upstream of the turbine is

used as input to FAST v8, forcing a fully aeroelas-
tic turbine to a realistic atmospheric low. While
the time step used in the aeroelastic simulations is
0.02 s, the integrated aeroacoustic module is called
every 0.1 s. The smaller time step for the aeroe-
lastic simulations is due to the FAST v8 stability
requirements. Additionally, we observe that a 10
Hz resolution for the aeroacoustic source simula-
tions is sufficient because higher frequency content
is calculated semiempirically.
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FIG. 7. (Color online) Schematic of nine 2D PE domains
from three blades to three receivers at one time instant. Red
spheres around the blade tips represent sample source loca-
tions for a single frequency. The black stars represent the
receiver locations at a 2 m height.

3. Frequency-dependent sound pressure levels at re-
ceiver locations are calculated and stored via the
integrated aeroacoustics module in FAST v8. In
total, 75 receiver locations are distributed over 5
propagation angles from 0° to 180° with 45° in-
crements (see Fig. 8). Along each propagation
angle, 15 locations are chosen, from 252 m (2 RD)
to 2016 m (16 RD) from the turbine.

4. At these receiver locations, the coordinates of the
element with the largest frequency-dependent SPL
magnitude along the blade are stored, enabling
the frequency and blade-dependent source local-
ization.

5 A 2D PE domain is constructed between each
blade and each receiver based on the detected
source locations (shown in Fig. 7). While only
one element for each blade is represented in the
propagation model, the source power levels of the
whole blade are used as the Ly, term in Eq. 2 for
each 2D PE. The reasons for using only one blade
element instead of all of them are threefold: a) the
dominant noise source of a wind turbine blade lies
around the tip region due to its high speed, b) for
a far-field receiver it is hard to distinguish blade el-
ements independently, ¢) using a fewer number of
clements decreases the computational time signif-
icantly. The effective sound speed is obtained by
interpolating the flow field and projecting along
the propagation planes.

6. At each time step, 2D PE simulations are carried
out for 3 blades, 17 frequencies, and 75 receivers
(total of 3825 calculations). This procedure is re-
peated 6000 times (a 10-minute simulation with
0.1 s time resolution) using the time-dependent
flow fields, source locations, and strengths for the
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four flow cases listed in Table I and for two ground
covers (grassland and hard ground).

For each case, approximately 23 million independent
propagation simulations are executed. The computa-
tional time required for sound propagation is 5000 pro-
cessor hours. The flow solver requires 6000 processor
hours after establishing the desired boundary layer. The
stored flow fields are used for propagation simulations
with various ground covers.

It is worthwhile noting that the SPL obtained from
the successive PE simulations are evaluated at the source
time. Even though the receiver time is the most com-
mon for noise measurements, it is disregarded in this
paper. The term “time-dependent SPL” is used to refer
to the PE output. Additionally, the simulations that
follow the six-step procedure are referred to as “coupled
simulations” from now on.

Figure 8 shows a snapshot of the overall SPL obtained
from the coupled simulations for Case 1. The contour
plot is obtained via linear interpolation of the results on
an equidistant grid with 20 m radial and 2 degree az-
imuthal spacing. It is observed that the noise directiv-
ity of the wind turbine is well captured, considering the
crosswind levels are significantly lower than the upwind
and downwind levels. This point will be elaborated in
the following sections. Additionally, it is also ohserved
that even though the downwind and upwind levels have
initially similar values, the atmospheric effects take over
after a certain distance at which the upwind levels be-
come much lower than the downwind ones.

IV. RESULTS

Using the methodology explained in Sec. III, three
sets of calculations are carried out as described below.

1. Source-only simulations (SPLg): Output of FAST
v8+AA at various receiver locations are stored in-
cluding the impact of the atmospheric absorption.
The last term in Eq. 2 is neglected (i.e., the prop-
agation effects).

2. Source and propagation over a grassland simula-
tion (SPLgtp,): Coupled source and propagation
simulations with a ground impedance value that is
representative of a grassland. The 3D flow field is
incorporated as explained in Section III.

3. Source and propagation over hard ground simula-
tions (SPLg.p,.): Coupled source and propaga-
tion simulations with a ground impedance value
that is representative of a fully reflective hard
ground. The 3D flow field is incorporated as ex-
plained in Section ITI.

Note that, unless stated otherwise, the results show over-
all sound pressure levels summed from 20 Hz to 800 Hz.
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FIG. 8. (Color online) Snapshot of the overall SPL at a 2 m receiver height for flow Case 1 obtained from the coupled simulation.
White dots represent the receiver locations. The arrow shows the wind direction.

A. Time-averaged results

First, the output obtained from the source-only simu-
lations (SPLg) is investigated. Figure 9 shows the time-
averaged SPL for Case 1. It is observed that the lev-
els upwind and downwind of the turbine are consider-
ably higher than the crosswind levels (approximately 25
dB). This pattern is caused by the wind turbine noise
directivity and is observed for all cases listed in Table
I. However, this result differs from field experiments in
Refs. [46, 47], which show that the difference between
the crosswind and downwind levels do not exceed 7 dB.
The mismatch between the model output and the ex-
periments is due to many reasons, such as background
noise, binning of the wind direction (i.e., £10°) to rep-
resent the crosswind results, and inaccuracy of the di-
rectivity functions used in calculations. Nevertheless,
because the main focus of our work is the propagation
effects on wind turbine noise, this large difference due
to directivity is not further investigated.

Note that SPLg includes only the atmospheric absorp-
tion and geometrical spreading for the propagation. As
a result, the sound pressure levels decrease with distance
equally upwind and downwind of the turbine. This pat-
tern changes when the atmospheric propagation effects
are considered.

Figure 10 shows the time-averaged output obtained
from the coupled simulations (SPLsip.). Similar to
Fig. 9, the SPL in the crosswind direction is less than
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FIG. 9. (Color online) Top view of the time-averaged SPLsg
at a 2 m receiver height for Case 1. The black points repre-
sent the receiver locations.

that in the downwind or upwind directions. Different
than Fig. 9, the upwind levels are lower than the down-
wind levels after a certain distance.

A more detailed comparison of all cases is depicted in
Fig. 11, which shows the average upwind and downwind
SPLgyp, for the grassland. It follows from the figure
that the SPL at the first receiver location for Cases 1
and 2 are approximately 9 dB lower than Cases 3 and 4
in either direction. This is an expected result, because
the rotational speed of the wind turbine increases with
the increasing wind speed within this operation range.
Subsequently, the tip speed increases from 51 m/s to
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FIG. 10. (Color online) Top view of the time-averaged
SPLsyp, at a 2 m receiver height for Case 1. The black
points represent the receiver locations.

66 m/s, which results in increased sound pressure lev-
els. Also note that SPLg p,,, has a similar averaged
footprint, though not shown here. Furthermore, for the
same hub-height wind speed, it is observed that an in-
crease in shear causes a slight increase (approximately
1 dB) in source levels at the closest receiver location, 2
RD away from the turbine. This result was discussed
and attributed to the increased turbulent inflow noise in
the low-frequency content in Sec. IT1B.

Figure 11 shows the A-weighted SPL, which decreases
the SPL considerably, because the low-frequency content
dominates the overall levels (see Fig. 5). However, the
trends of the weighted and unweighted SPL distributions
with distance are very similar. Because the focus of the
study is on the propagation effects only, the unweighted
results are reported further.

The small SPL differences hetween different shears in
the near field vary significantly with distance depending
on the atmospheric conditions. To isolate the propaga-
tion effects, the differences in SPL values are depicted in
Fig. 12. Agpr,=SPLgyp,-SPLg for the grassland case
and Agprye =SPLgsipy.-SPLg for the hard ground case
are shown. In all the subplots, Agpy,, is the top and
AgpLye 18 the bottom half domain.

We start with the common features of all the flow
cases. First, it is observed that Agpr,, values are con-
sistently higher than Agpy,,. This is due to the more
absorbing character of grassland than the hard ground.
The SPL difference between two ground covers for the
same flow case increases with distance. The difference
values reach approximately 6 dB for the overall SPL at
a 2 km distance.

Second, it is observed that the higher the shear, the
earlier the shadow zones start upwind of the turbine (see
Figs. 12a and 12b). Additionally, for the same shear,
the shadow zones are larger for higher frequencies (see
Figs. 12e and 12m). These observations are in line with
field experiments in Refs. [49, 50] and other numerical
simulations in Refs. [42, 51]. These phenomena are cap-
tured only with the coupled model, thus negative Agpr,
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values are seen in these regions in Fig. 12. Even though
these zones are insonified because of diffraction and scat-
tering (depending on the turbulence scales and acoustic
wavelength [48]), the time-averaged levels of the coupled
simulations are consistently lower than the source-only
simulations.

A counterintuitive observation that can be deduced
from Figs. 11 and 12 is that the sound pressure levels
upwind of the wind turbine are higher than the down-
wind up to a certain distance. This distance varies with
the considered case. For example, the upwind levels are
higher than the downwind levels up to 1200 m for Case
1, whereas this value is 950 m for Case 4. This difference
is due to the combined effects of refraction and ground
reflection/absorption. The spectra at multiple locations
are investigated to gain insight for the upwind and down-
wind SPL difference using one more set of simulations
wherein the flow upstream of the turbine is used to sim-
ulate the downwind propagation. This means that the
effects of the wake are neglected downwind of the tur-
bine, and referred to as “no-wake simulations.”

Figure 13 shows the spectra for Case 4. It is observed
that for the upwind propagation, the ground caused dips
in the near field are much less pronounced than both of
the downwind ones. This is the main reason for the
high upwind levels. As we get farther away from the
turbine, the upwind levels start to decrease and eventu-
ally become lower than the downwind ones. Downwind
of the turbine the levels obtained from the no-wake sim-
ulations are initially higher than the ones including the
realistic wake flow. However, after a certain distance the
opposite is true. This observation is in agreement with
some of the results obtained in Refs. [6, 8, 9]. The main
reason for this result is the wake-induced refraction be-
hind a wind turbine, which plays a role similar to a SO-
FAR channel in underwater acoustics [52], wherein the
sound waves are ducted within the minima of the speed
of sound. After a certain distance, waves are refracted
downwards as the wake recovery takes place. This dis-
tance depends mainly on the considered flow case. For
example, for Case 1 the wake is not persistent enough
because of the high incoming turbulence. Hence, a rel-
atively narrow SPL amplification region (1300 m—1600
m) and low amplification levels are observed (approxi-
mately 1 dB). However, for Case 4, in which the turbu-
lence is low, the wake-induced SPL amplification levels
reach up to 3 dB and the SPL amplification region is
smeared to a larger area (1000 m—2000 m). The wake
effects will be investigated with the time-dependent re-
sults in the following section.

In Fig. 12a, if we compare the upper and lower half,
in the crosswind direction, the increased levels reach
up to 8 dB and 4 dB for the hard ground and grass-
land, respectively. It is also observed that the regions
where Agpy, values are greater than or equal to zero, are
longer in the crosswind direction than in the downwind
direction for both ground covers (note that this is not
valid in the downwind regions with wake-induced SPL

10-04-2018



about:blank

Page 87 of 131

10

—a—Case 1 ——Case 2 —a—Case 3 —%Case 4

60
50
=
240
5 30
w2

20

-2000 -1000 0 1000 2000
x (m)

60

50
[aa]
= 40
=
£ 30

20

-2000 -1000 0 1000 2000
x (m)

FIG. 11. (Color online) Time-averaged SPL at a 2 m receiver height for the downwind and upwind propagations over the
grassland in the cases listed in Table I. Both A-weighted and unweighted results are shown. The turbine is located at x = 0 m.

amplifications explained previously). For the same flow
and ground impedance case, the main difference between
the Agpy, values in the crosswind and downwind direc-
tions is caused by the flow field. Although sound waves
propagate through the wake-induced flow field down-
wind of the turbine, the crosswind sound waves are af-
fected only by the turbulent perturbations because the
mean crosswind velocity is close to zero and we assume
a neutral atmosphere in which there is no temperature
gradient. This means that the refraction-related prop-
agation effects play a larger role in SPL attenuation in
the downwind case than in the crosswind case at cer-
tain distances. This outcome does not necessarily mean
that the neutral atmosphere causes less attenuation. On
the contrary, it highlights the complexity of the propa-
gation phenomena. Nevertheless, because the wind tur-
bine noise is dominated by a dipole emission pattern
the overall levels are significantly lower in the crosswind
direction than in the downwind direction.

B. Time-dependent results

In this study, the quantification of the wind tur-
bine noise amplitude modulation (AM) is done using
the method proposed by the UK Institute of Acoustics
Noise Working Group on Wind Turbine Noise Ampli-
tude Modulation. The details of the method can be
found in Ref. [53]. Only a brief description of the calcu-
lation procedure is given here. The method is based on
transforming a SPL time series of 10 s blocks into the
frequency domain to detect the blade passage frequency
and its next two harmonics. Afterward, some thresh-
old checks are applied (i.e., a harmonic is kept only if
its reconstructed time signal has a peak-to-trough ra-
tio bigger than 1.5 dB). The harmonics that pass the
threshold checks are used for the conversion from fre-
quency to time domain. Figure 14a shows a sample 10
s block and Fig. 14b shows the power spectrum that is
calculated by taking the square of the absolute discrete
Fourier transform (DFT), F(x), of the time signal and
dividing it by the square of number of points. Figure 14c
shows the real part of the DFT for all frequencies (white

bars) as well as the ones that are included for recon-
structing a new signal after the aforementioned thresh-
old checks (red bars). Figure 14d shows the original and
the reconstructed signal. The modulation depth is then
determined by subtracting the fifth percentile (Lgs) of
the reconstructed signal from the ninety-fifth percentile
(Ls). Dashed lines in Fig. 14d show these percentiles.
This method is applied to the three cases described ear-
lier and the AM levels are referred to as AMg, AMg, p.,
and AMg, p,,. Different from the Institute of Acoustics
method, the detected AM levels in each 10 s block are
averaged over a 10-minute simulation.

Figure 15 shows the AM levels of the source-only and
coupled simulations with grassland for Case 3. The
source-only simulation captures the near-field AM in the
crosswind direction. This is relatively well understood
[54] to be caused by the directivity and the blade rota-
tion. The coupled simulation, on the other hand, shows
a different trend. The results indicate a significant in-
crease in AM levels when the propagation effects are
taken into account in the far-field downwind or upwind
of the turbine.

If we look closely at some of the time series (see Fig.
15) certain observations can be deduced. The time se-
ries obtained from receiver number 1 (downwind 1260
m) shows that the relatively small modulations observed
from the source-only simulation are enhanced with the
propagation effects. This increase in the downwind AM
levels can be explained with the random phase and am-
plitude fluctuations caused by the turbulence that is
only considered with the coupled simulation. It is worth
noting that the turbulence scales smaller than the LES
grid size are not resolved, and thus the full scatter-
ing phenomenon might not be captured, especially at
the highest frequencies considered. Apart from the at-
mospheric and wake-induced small-scale turbulence, an-
other reason could be the overall unsteady behaviour of
the wind turbine wake (also known as wake meandering
[55]). This may cause the sound waves refract through
full or partial wake, which results in increased SPL fluc-
tuations at the selected downwind locations. For a bet-
ter understanding of this phenomenon, the top view of
the instantaneous streamwise velocity in Case 3 at two
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FIG. 12. (Color online) Top view of the time-averaged SPL difference at a 2 m receiver height. From left to right: varying cases
listed in Table I. From top to bottom: overall levels and frequency-dependent levels. In each subplot, the upper half domain is
with the grass-covered land: Aspr,=SPLs;p,-SPLs. The lower half domain is the hard ground: Aspr,=SPLsypy,-SPLs.
Wind direction is from left to right and the turbine is located at the center of the domain.

different time instants are shown in Fig. 16. It is clear
that the wake has a dynamic nature. Note that, the time
scale of the large-scale wake movement is much longer
than the blade rotation time scale. Therefore, at each
instant sound waves emitted from each source propa-
gate through different refractive regions. It is hard to
distinguish which effect is the main contributor of the
enhanced downwind AM. However, a comparison of the

AM levels obtained from the simulations with and with-
out the wake (see Fig. 17) emphasizes the importance
of the wind turbine wake.

The time series of receiver number 2 (upwind 1260 m)
in Fig. 15 shows an overall SPL attenuation for the cou-
pled simulation. However, the modulation depths are
considerably higher than in the source-only simulation.
One reason for this could be the constant change of the
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FIG. 14. (Color online) Procedure for AM quantification: a) original signal, b) power spectrum, ¢) real part of the DFT, d)
original and reconstructed signal with percentiles (Lgs and Ls) used for determining AM levels (horizontal dashed lines).

upwind extent of shadow zones caused by the blade ro-
tation. For the sake of argument, let us consider the
idealized upwind propagation without turbulence. It is
well known that for a low-elevation source the shadow
zones start within a shorter distance than an elevated
source [49]. This means that under idealized conditions,
the start of the shadow zone is determined only by the
highest source. In this study, each blade is represented
with one source within the propagation model and the
source is often located around the tip of each blade (see
Sec. IIB). Two time instants are selected during the

turbine rotation: A and B. At instant A, one source
goes through the top tip height (153 m), whereas the
other two sources are at a 58 m height. This means the
shadow region start is dominated by the source at 153
m. At instant B, one source goes through the bottom
tip height (28 m) and the other two sources are located
at a 117 m height. This is the instant when the highest
source among the three is at the lowest height. There-
fore, the shadow zone will start closer to the turbine
than in instant A. Figures 18a and 18b show the con-
tour plots of the logarithmically summed SPL for 800 Hz
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FIG. 16. (Color online) Top view of the instantaneous
streamwise velocity at hub height in Case 3 at two differ-
ent time steps. The black line represents the wind turbine
rotor.

obtained from three independent 2D PE simulations for
this idealized case. If we measure the noise around the
start of a shadow zone, the amplitude fluctuations would
be significantly larger (i.e., at instant A we hear some-
thing but at instant B we do not hear anything). Figure
19 shows the time signals at multiple locations. The
AM levels calculated around the shadow zone bound-
aries (Figs. 19b and 19¢) are much higher than the ones
before (Fig. 19a) or after (Fig. 19 d) the shadow zone.
The idealized situation changes when the turbulence is
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FIG. 17. (Color online) Downwind AM levels obtained from
the simulations with and without the wake effect.

accounted for, because it is not possible to determine
a distinct boundary of the shadow zone. Nevertheless,
with the rotation of the blades and because of the turbu-
lent flow field between the sources and receivers, these
regions constantly change shape (see video MMI1.avi)
resulting in increased upwind AM levels. An important
caveat is that these simulations do not model the back-
ground noise. It is very likely that the attenuated levels
at the upwind would be lower than the background noise
in field measurements. Therefore, it may not be always
possible to measure these SPL fluctuations.

A more detailed study is shown in Fig. 20. Sim-
ilar to the previous subsection, to isolate the prop-
agation effects on AM, the difference contour plots
are depicted ( Aan,=AMgyp -AMg for grassland and
Aanye=AMsg.ip,.-AMg for hard ground). It is ob-
served that in Case 3 the region with high upwind AM
is the widest, namely from 500 m to 1900 m. The same
thing is valid for the downwind AM. Additionally, the
Case 3 levels are higher than those in all other cases.
The comparison of Case 1 and 2 shows that Case 1 has
narrower AM regions with higher levels than Case 2.
Figure 20 shows that the shear, wake flow evolution,
and ground characteristics play a role in AM levels both
upwind and downwind of the turbine.

V. CONCLUSION

In this article, a consistent and modular modelling
technique for wind turbine noise propagation was devel-
oped. A flow solver based on LES/AL, a wind turbine
noise generation model based on FAST v8/NAFNoise,
and a propagation model based on the PE method were
loosely coupled. The unsteady flow fields were used for
both noise generation and propagation calculations. The
focus of the present study was on the propagation effects
for varying wind shear, wind speed, and ground covers.
Various phenomena, such as shadow zone existence, ab-
sorbing character of grass versus hard ground were cap-
tured when the propagation effects were included in the
noise calculations. A clear increase in the source level
was observed with increasing wind speed (9 dB differ-
ence at 2 RD away from the turbine, from Uy, =6 m/s to
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FIG. 19. (Color online) SPL time signal of 800 Hz at multiple downwind locations. The simulations are carried out with the
coupled methodology explained in Sec. III and using instantaneous or time-averaged flow fields from Case 3.

Up=9 m/s). It was shown that for the same hub-height
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wind speed, increased shear resulted in a small increase
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FIG. 20. (Color online) Top view of the amplitude modulation levels difference at a 2 m receiver height. From left to right:
varying cases listed in Table I. For each subplot the upper half domain is grass-covered land: Aanm,=AMstp,-AMs. The
lower half domain is the hard ground: Aawmyg=AMsipyo-AMs. Wind direction is from left to right and the turbine is located

at the centre of the domain.

(approximately 1 dB) in the source levels. However,
small SPL differences between various cases in the near
field were enhanced in the far field as a result of the
propagation effects. This observation was valid both for
the steady and unsteady investigations. The SPL time
signals evaluated at the source time showed enhanced
far-field AM levels both upwind and downwind of the
turbine.

The developed modular technique for the coupled
model in this article allows for substitution of each part
of the model with an alternative. This approach can
be a good way to overcome the limitations, such as in-
accurate airfoil noise calculations, simple wind turbine
representations within the flow, or propagation models.
Although the submodels are easily replaceable with their
higher fidelity versions, more accurate modelling of the
flow around wind turbines in complex terrain is one of
the major challenges that lies ahead for accurate noise
prediction.
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Chapter 6

Diurnal Variability of Wind
Turbine Noise

6.1 Chapter Overview

This chapter is devoted to the investigation of wind turbine noise variations over a
diurnal cycle. The change in noise levels over a day is an important topic as many
country regulations dictate different limits for day and night time. Quantifications
of these variations can pave the way towards better estimations of noise levels before
or after the wind farm installation.

The corresponding publication in this chapter (Sec. 6.2) addresses this issue with
the combined model that is previously introduced. Large eddy simulation with a ro-
tational actuator disk wind turbine model is used to model the wind and temperature
around a mega-watt scale wind turbine over a diurnal cycle. The time dependent
output is used as input to the wind turbine noise generation-propagation model in-
troduced in the previous chapter. The results highlight the significant variation of
the wind turbine far field noise depending on the atmospheric conditions. For exam-
ple, the SPL difference between night time and afternoon is 2.5 dBA at 650 m and
reaches 6.5 dBA at 3600 m downwind of the wind turbine. Furthermore, peak AM
levels are observed at distances of 1200 m during evening and night time, while in
the afternoon no specific peaks are detected.

6.2 Publication

81
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Abstract

The diurnal variation of atmospheric conditions over land has a significant effect on the wind and temperature distributions which
greatly influence the generation and propagation of wind turbine aerodynamic sound. In this paper, a new fully consistent unsteady
approach is developed to study wind turbine noise such that large eddy simulation with a rotational actuator disk wind turbine model
is used to model the wind and temperature around a mega-watt scale wind turbine over a diurnal cycle, and time dependent flow
and temperature fields are used as input to the coupled wind turbine noise generation-propagation model. Computations are carried
out for four different 10 minutes datasets selected at certain periods of a day for a same hub height wind speed. The results show
the variations of the time dependent as well as the time averaged sound pressure levels in near and far fields. It is observed that
the source levels are affected mostly by the incoming turbulence more than by the wind shear. Hence the time-averaged near field
(2 diameters away from the turbine) A-weighted overall sound pressure levels in the afternoon are slightly higher than those in the
night (= 0.5 dBA). This value is similar in all directions. However, as we move away from the turbine, the propagation effects take
over and downwind of the turbine the night time levels exceed the day time levels. At 650 m the difference is 2.5 dBA and at 3600
m the difference reaches 6.5 dBA. Furthermore, the regions with enhanced far field amplitude modulation (AM) levels also vary
with time in the day. Peak AM levels are observed at distances of 1200 m during evening and night time, while in the afternoon no

specific peaks are detected.

Keywords: wind turbine noise, diurnal cycle, variability, large eddy simulation, parabolic wave equation
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1. Introduction

Emerging interest in clean energy has resulted in large de-
ployment of wind power within short periods of time. While
many people have interest in contributing to green energy tran-
sition, not all of them are satisfied with the wind turbines being
erected nearby their houses. Two major reasons for opposing
onshore wind turbines are visual impact [1, 2, 3] and noise an-
noyance [4]. In this paper we will limit our study with the lat-
ter. The character of noise emitted from wind turbines has been
the main factor for increased annoyance. The variability and
the unsteadiness are some of the characteristics of wind turbine
noise different from other noise sources [3].

Today the wind turbines are placed within clusters rather
than stand alone, and thus the interest in flow interaction be-
tween them has grown significantly. The wake flow behind
a wind turbine has an important effect on both loads and en-
ergy production of the downstream turbines. This issue was
addressed extensively via numerical models [6, 7], field ex-
periments [8] as well as wind tunnel studies [9, 10]. Nu-
merical techniques range from simple analytical wake models
[11, 12, 13, 14] to linearized flow solvers [15] and more so-
phisticated tools [16, 17, 18]. Various representation methods

“Wen Zhong Shen
Email address: wzsh@dtu.dk (Wen Zhong Shen)

Preprint submitted to Journal of Renewable Energy

of wind turbine within flow solvers were used to develop effi-
cient but accurate methods for wind turbine and wind farm flow
computations [19, 20, 21]. With increasing computational capa-
bilities more comprehensive studies were carried out for under-
standing the detailed flow behaviors around the wind turbines
[22, 23, 24, 25, 26]. Nevertheless most of the published papers
were limited to the flow itself however, the wake has also an ef-
fect on the wind turbine sound generation and propagation. Par-
ticularly, the diurnal variation of atmospheric conditions over
land which has a significant effect on the wind and temperature
distributions, and thus wakes and wind turbine sound. Based
on thermal stratification and the turbulence generation mecha-
nisms, the atmospheric boundary layer (ABL) can be classified
into neutral, convective and stable [27]. Stable boundary layer
(SBL) is observed when the ground surface is colder than the
air, such as during a clear night over land. SBL is associated
with high wind and temperature shear, and low turbulence in-
tensity (TI). This is caused by the negative buoyancy fluxes that
reduce the shear generated turbulence. While a decreased TI
may reduce the wind turbine noise emission levels, an increased
wind shear and temperature inversion may cause a more severe
downward refraction (sound waves bend towards the ground).
Therefore, an increase in the immission levels (high noise levels
at far field receivers) may be observed. Furthermore, a low TI
results in longer wake deficit behind the turbines. This causes

October 30, 2017
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a ducting effect of the sound waves and refraction patterns are
significantly modified. This effect was observed with various
propagation and source models in [28] [29] [30] [31]. Addition-
ally, as it was pointed out in [32] stable conditions have other ef-
fects on wind turbine noise. For example, large wind speed and
direction changes along the rotor cause a large variation of the
angle of attack on the blades over one revolution. High angles
of attack in the top tip region may trigger the flow separation
and cause a transient stall, thus changing the frequency content
and the strength of aerodynamic noise. Moreover, since SBL
flow is associated with high wind shear and low near-ground
wind velocity, it is likely that the background noise levels at the
ground level are lower in SBLs, compared with their convective
counterparts, at the same hub height wind speed.

Contrary to SBL, convective boundary layer (CBL) is ob-
served whenever the surface is warmer than the air, such as
during a sunny day with slow winds over land. CBL is as-
sociated with enhanced mixing and increased turbulence lev-
els. This, in turn, decreases the wind and temperature shear.
As aforementioned, the wind turbine aerodynamic noise gen-
eration is known to be increased, with increasing the incoming
turbulence [33]. Thus it can be expected that under convective
conditions far field noise levels are higher. However, low wind
shear and faster wake recovery may prevent the ducting of the
sound waves hence the propagation effects may play a role in
favour of sound pressure levels (SPL) attenuation.

The dynamic interaction of atmosphere, wind turbine noise
generation and propagation is a complex phenomenon. So far
the issue is addressed mostly with field experiments. While
the findings in [34] show relatively small effects of atmospheric
conditions on far field SPL variation, the conclusions of long
term measurements carried out in [35] show the opposite. The
findings in [35] demonstrate variations of 6 - 14 dBA at prop-
agation distances of 1 - 2 km from 12 wind turbines, depend-
ing on the refraction and ground properties. Same authors also
investigated the possible relationship between the far field am-
plitude modulation and meteorological conditions [36]. They
observed enhanced AM levels under high wind shear and low
turbulence, namely at night time.

While experiments capture the far field SPL variation, the
issue has not been addressed numerically in an unsteady man-
ner. In this paper a fully consistent unsteady approach is de-
veloped where wind and temperature fields obtained from a
diurnal cycle simulation with Large Eddy Simulation (LES)
and a rotational actuator disk wind turbine model (AD-R), and
for sound propagation, a physics-based model, namely a wide-
angle Crank-Nicholson parabolic wave equation model (CNPE)
is used. The wind turbine as a sound source is represented in
a quasi-three-dimensional and unsteady manner. The source
levels on each blade is obtained from aero-elastically coupled
semi-empirical wind turbine noise generation models.

2. Computational Models

2.1. Flow Modelling
For the flow modelling, the WiRE LES code [37] is used. The
wind turbine is modelled with a rotational actuator disk model.

Page 97 of 131

The model relies on the tabulated airfoil data and the blade
geometry to calculate the aerodynamic forces on the blades.
WiIRE LES and AD-R has been validated and extensively used
for various wind energy studies (e.g. [38][39][40][41][42]). In
this study a single turbine is simulated. The turbine simulated
is a Vestas V80-2MW turbine, which has a diameter of D = 80
m and a hub height of 70 m [43]. The computational domain is
broken into 192 x 320 x 160 grid points with a spatial resolu-
tion of 25 m X 15 m X 10 m in the streamwise, spanwise and
vertical directions, respectively. With these setup the simula-
tions are carried out for two full diurnal cycles. Four different
10 minutes datasets are selected on the second diurnal cycle
and the three dimensional flow and potential temperature fields
are stored at each 0.1 s. The selected periods are early morning
(from 05:00 to 05:10), afternoon (from 13:00 to 13:10), evening
(from 19:00 to 19:10) and night (from 23:00 to 23:10).

Figure 1 shows the contours of instantaneous effective speed
of sound in the middle vertical plane for different time instants
in the day. The effective speed of sound is calculated as C,;
(x.z)=c(x,2)+V, (x,z) where V, is the wind velocity component
projected along the direction of propagation between source
and receiver and c is the speed of sound and calculated as
c¢=+/¥RT where v is the specific heat ratio, R is the gas con-
stant and T is the temperature. Since the temperature is not an
output of the code the relation between the potential tempera-
ture and the absolute temperature (T) is assumed to be the lapse
rate for dry adiabatic atmosphere. Thus # ~ T — 0.01 Km™'-z.

The effective speed of sound is a parameter of interest be-
cause it is the main input for the propagation calculations (see
next section). In addition, Fig. 2 shows the time-averaged ver-
tical profiles of streamwise velocity (U [m/s]), potential tem-
perature (6 [K]) and streamwise turbulence intensity (o,/Upyp)
at 3D upstream of the turbine. The averaging time span is 10
minutes for each case.

From Figs. 1 and 2 various observations can be deduced re-
garding the atmospheric conditions relevant for sound propaga-
tion. In the morning we observe a very clear low level jet where
the highest wind speed is reached at around 150 m height. As
aforementioned the negative buoyancy flux damps the turbu-
lence, which leads to lower turbulence intensity levels (maxi-
mum 5 %). This suppressed mixing results in a longer wake
deficit region. Furthermore, the temperature decrease with al-
titude is another factor that directly influences the sound prop-
agation. Overall, the conditions in the morning have consider-
able effects on propagation via trapping the sound waves and
causing a severe downward refraction. This phenomenon will
be detailed in Sec 3.

Contrary to the morning, in the afternoon the turbulent mix-
ing is enhanced due to the positive buoyancy flux. This results
in a faster wake recovery. A very low temperature and wind
shear is observed. These conditions result in a situation sim-
ilar to the homogeneous atmosphere (constant speed of sound
with height) where the refraction effects are not dominating the
propagation.

The selected evening period is the start of the transition from
low wind shear, high turbulent, convective conditions to high
shear, low turbulent, stable conditions. Turbulence levels are
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maximum 8 % and the wind shear power law exponent derived
by fitting the wind profile is 0.33.

The night time and morning conditions are very similar to
each other in terms of wind turbine noise generation. The tur-
bine is exposed to an almost identical flow field with regard to
turbulence levels and wind shear (see Fig. 2). However, while
the source levels may be similar, the propagation effects play
different roles for the two different time instants of the day. This
is also investigated in detail in Sec 3.

2.2. Noise Modelling

A new technique which couples wind turbine noise genera-
tion and propagation models was presented in [44]. For sound
propagation the model uses DTU’s Parabolic wave Equation
(PE) based tool WindSTAR-Pro (Wind turbine Simulation Tool
for AeRodynamic Noise Propagation) [45]. The sound source
modelling is carried out with the aeroacoustics module based
on NRELs NAFNoise [46] integrated in the FAST8 modular
framework [47]. This subsection briefly explains the technique
and gives details about the used parameters in this study.

It is a common approach to model the wind turbine aerody-
namic noise generation via dividing the blades into a number of
two dimensional airfoil elements and predicting the total noise
level at a given receiver location as the sum of the contribu-
tions from all the elements. At each element, the local rela-
tive velocity and angle of attack are the main parameters for
the prediction of airfoil self noise based on semi empirical rela-
tionships obtained in [48] with scaling laws. Using the time and
location dependent angle of attack, the boundary layer displace-
ment thickness values at trailing-edge are interpolated using the
pre-tabulated data obtained from XFOIL [49].

In addition to the trailing-edge noise, the turbulent inflow
noise is calculated using the model that is originally proposed
by Amiet [50] and further developed by Lowson [51]. A correc-
tion about airfoil thickness is also used [52]. It is worthwhile
noting that the SPL is calculated from all the elements in an
uncorrelated way. The spanwise correlation appears to have a
small effect for low frequencies (<100Hz).

To obtain the necessary inputs (i.e. turbulence intensity, tur-
bulent length scale, angles of attack and relative velocity) the
LES flow field sampled at 2 diameters upstream of the turbine
is fed into FASTS as inflow. The turbulence intensity distribu-
tion is calculated at the sampled two-dimensional plane for each
10 minutes dataset. This is used as input for FAST8 and then at
each time-instant the TT value at airfoil location is interpolated
and assigned. The integral turbulent length scale (L) is calcu-
lated using the relationship in Ref. [53] that can be expressed
as a function of a non-dimensional roughness parameter a, and
height z: L = 25 - 2%% - ;%93 In this study we consider the
a, values 0.08, 0.03, 0.05, 0.08 to represent the time instants of
the day from morning to night, respectively. Since the detailed
design of the turbine used in the flow simulations is confiden-
tial, a generic 2 MW turbine with the same diameter and hub
height is used in FAST8. The 40 m blades were divided into
24 elements and the rotational speed of the turbine is kept con-
stant at 15 rpm which matches the power output of the turbine
used in the flow simulations at 8 m/s (average wind speed for all

Page 98 of 131

selected periods during the day). Frequency dependent sound
pressure levels at the selected receiver locations are calculated
and stored for all the periods of the day. In total 99 receiver
locations are distributed around the turbine shown in Fig. 4.
The closest receiver is 160 m (2D) away from the turbine and
the furthest one is 3600 m (45D) away. The distances between
source and receiver vary depending on the propagation angle.
This receiver distribution pattern is purposefully selected from
the experience gained in previous studies. In addition to the
frequency dependent SPL, the coordinates of the blade element
with the highest SPL contribution along each blade are stored.
Thereby the frequency and blade dependent source localization
is carried out to be used for the sound propagation model at
each time-step.

Figure 3 shows the angle of attack time signal at 85 % radius
of a single blade for two periods of the day. The high wind
shear at night time causes the large peak-to-trough variation (=
6 °) over one revolution. However, the fluctuations are very reg-
ular due to the low turbulence. On the contrary, the low wind
shear and high turbulence associated with the day time results
in lower peak-to-trough ratios (= 2 °) over one revolution but
more random fluctuations with time. Note that while the peak-
to-trough ratios vary with the time of the day, the averaged an-
gle of attack values are almost identical. It is also worthwhile
to mention that this is the situation only for one blade. Consid-
ering that the other two blades go through similar changes over
one revolution with phase shifts in time, the sum of all three
blades’ angles of attack can be very similar. This observation
will be relevant for noise simulation results later on.

Although FASTS’s aero-acoustics module can predict the
noise levels at various receiver locations, it does not take
into account the propagation effects, such as atmospheric ab-
sorption, refraction, ground absorption and reflection. This
part is modelled using the PE method. A two-dimensional,
wide-angle, Crank-Nicholson parabolic wave equation (CNPE)
method [54] is used. With this method the moving atmosphere
is replaced by a hypothetical motionless medium with an ef-
fective speed of sound. These values are calculated using the
fields obtained from the flow solver described in Sec 2.1. A
semi-implicit marching scheme is used, with central differences
in the vertical direction (z) and the Crank-Nicholson scheme in
the horizontal direction (x). The spatial resolution for both di-
rections is set to Ax = Az = /8, where A is the wavelength
of the frequency solved. To avoid unwanted reflection from the
top boundary a 50 A thick absorption layer is used on top of the
700 m domain height. Only flat terrain is considered and the
ground impedance is characterized using the 4 parameter model
proposed in [55]. An effective flow resistivity value of 200 kPa
s/m? is chosen, as this is a typical value for grassland where
onshore turbines are commonly located. The other parameters
of the impedance model are the pore shape factor (s, = 0.75),
grain shape factor (n" = 0.5), porosity (2 = 0.3). All sim-
ulations are carried out for 1/3-octave band centre frequencies
from 20 Hz to 800 Hz. At each time-step for each receiver, each
frequency and each blade a two-dimensional PE domain is con-
structed. The source locations and the source levels obtained
from the noise generation model are used.
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Figure 1: Instantaneous effective speed of sound fields in the middle vertical plane for different time instants in the day. From top to bottom: Morning (05:00),

afternoon (13:00), evening (19:00), night (23:00).

For 99 receivers, 3 blades, 17 frequencies, 6000 time-steps
and 4 cases, a total of 121 million independent simulations are
carried out for the propagation calculations.

3. Results

In this section we first investigate the SPL averaged over 10
minutes for various time instants in the day. The focus is on
both overall as well as frequency dependent results. Subse-
quently, the time dependent SPL is investigated and amplitude
modulation depths are quantified.

3.1. Time Averaged Results

Figure 5 shows the contours of time-averaged A-weighted
overall sound pressure levels (OASPL) at the receivers of 2 m
height seen from top. It is observed that close to the turbine,
crosswind levels are considerably lower than the upwind and
downwind levels. This is an expected outcome due to the wind
turbine noise directivity and it is valid for all periods of the day.
On the other hand, the OASPL distribution downwind and up-
wind of the turbine varies with the time of the day. For a clearer
comparison, line plots are shown in Figs. 6 and 7. Initially
all lines collapse (up to 350 m) and the maximum OASPL dif-
ference at 2D is 0.5 dBA. This difference is due to the change
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Figure 2: Time-averaged streamwise velocity, temperature and streamwise turbulence intensity at 3 diameter upstream of the turbine for different times of the day.
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Figure 4: Top view of the receiver locations selected around the turbine. Tur-
bine is at the center of the domain.

in source levels and it will be elaborated using spectra plots
later on. As the distance from the source increases (i.e. as
the propagation becomes effective) OASPL distributions show
larger variations. Already at 650 m downwind of the turbine,
the OASPL difference between night time (23:00-23:10) and

afternoon (13:00-13:10) is 2.5 dBA and it reaches 6.5 dBA at
3500 m. This increased variation is caused by the atmospheric
conditions explained in Sec 2.1. Due to severe downwards re-
fraction as well as persistent wake induced ducting effects, far
field noise levels in the night time are higher than in the after-
noon. Night time levels are important because of two reasons.
First, in most countries the night time noise limits are more re-
strictive than the day time ones. Second, due to the high wind
shear in night time the wind speed at the receiver height in night
time is lower than that in the day at the same hub height wind

speed. This results in lower background noise. Therefore, the

wind turbine noise becomes more noticeable for a receiver on

the ground in the night time. In this study the wind speed at 5
m height (the first grid point of the flow solver) is 3.5 m/s and
5.5 m/s in the night time and in the afternoon, respectively.

Since the atmospheric conditions are similar during the night

and in the morning, the OASPL distributions with distance are
similar. At both times of the day, a long wake deficit and low
level jets are observed from the effective speed of sound plots.
In the morning the shear of the low level jet is higher. Never-
theless, the OASPL difference between the two periods of the
day does not exceed 1 dBA. To investigate deeper and for a bet-
ter visual understanding, instantaneous OASPL contours in the
mid-vertical plane are shown in Fig. 8. In the morning, down-
wind of the turbine the low level jet traps the reflected waves
and refracts them downwards. This causes a SPL enhancement
in the far field ~ 2500 m. It is not very clear why downwind
SPL at certain distances (e.g. 1800 - 2600 ) during the evening
is higher than in the morning and at night. One explanation
can be the evening effective speed of sound profile. This has a
more continuously downwards refraction effect, than the other
two cases (evening and night) where the profiles change slope
towards upward refraction after a certain height.
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Upwind of the turbine, contrary to the downwind case, the
lines collapse at slightly longer distance (up to 320 m). The
main reason for this is the wake deficit which is not present up-
wind. Thus the sound waves for all cases can initially refract
downwards without the wake deficit trapping them. Again dif-
ferent from the downwind propagation after certain distances
shadow zones (regions with very low SPL) are observed. This
is due to the upward refraction of sound waves and the extent
of these regions which varies with the time of the day. The
effective speed of sound profiles are similar upwind of the tur-
bine in the morning, evening and night time. Thus the OASPL
evolution with distance is also similar. One major difference
is the very strong low level jet observed in the morning. This
manifests itself after 2500 m as an increase in OASPL. We can
again refer to Fig. 8 for explanation. It is observed that in
the morning, initially upward refracted waves are trapped by
the low level jet and they start bending downwards, causing
enhanced SPL regions in the very far field. Nevertheless, the
levels upwind of the turbine are still very low to be of interest
since the enhanced SPL region is far away and the source levels
are not high enough.

OQASPL upwind of the turbine in the afternoon starts devi-
ating from the other times of the day after a 700 m distance
propagation. Due to the low shear, the upward refraction in the
afternoon is relatively weak. Therefore, the day time levels are
higher than the levels in other times of the day upwind of the
turbine once the propagation effects become important.

Since the propagation effects are frequency dependent, the
time averaged spectra contours in the night time and in the af-
ternoon are shown in Fig. 9. The aforementioned observation
on the weaker upward refraction in the afternoon than in the
night is clearly visible. One additional output of the figure is the
frequency dependency of the shadow zones. The high frequen-
cies are influenced by the atmospheric refraction faster than the
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Figure 6: Time averaged OASPL for the receivers at 2 m height downwind of
the turbine in four periods of the day.
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Figure 7: Time averaged OASPL for the receivers at 2 m height upwind of the
turbine in four periods of the day.

low frequencies. Additionally, atmospheric absorption is more
effective on high frequencies. This results in a later start of the
low frequency shadow zones. Therefore, we can state that ac-
curate modelling of the low frequency bands is more important
for correct far field noise predictions.
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Figure 5: Top view of the time averaged OASPL at 2 m receiver height in four different periods of the day. Black points represent the receiver locations.

6

10-04-2018



about:blank

Wind Direction
10 20

Height [m]

Height [m]

-1500 -500

Figure 8:
(19:00), night (23:00).

For a clearer comparison of the downwind levels, line plots
of the spectra at the selected distances are shown in Fig. 10.
One of the major atmospheric differences between night time
and afternoon is the turbulence level. The enhanced turbulence
levels in the afternoon result in an increase of SPL at the low
frequency range (e.g. below 100 Hz) where the turbulent in-
flow noise dominates the spectrum. The SPL difference in the
near field (2D away from the turbine) varies from 1 dB to 4 dB
depending on the frequency band below 100 Hz. In the mid
frequency range, where the trailing-edge noise is the main con-
tributor, the sound pressure levels at 2D are very similar in both
periods. The effect of wind shear on angle of attack and trailing-
edge noise was briefly discussed in Sec 2.2. Even though the
wind shear values are significantly different, the sound pressure
levels in the mid frequency range are almost identical. How-
ever, these are only the time averaged spectra, the time depen-
dent signals show small variations and the results are detailed
in Sec 3.2. More importantly, as the distance increases, the
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trend changes and the night time noise levels start to exceed the
levels in the afternoon. This is a clear indication of the propaga-
tion effects. During the night time, there is a strong downward
refraction as opposed to the almost homogeneous atmospheric
conditions in the afternoon. Subsequently, the SPL attenuation
is weak in the night. From the spectra it is observed that at 30 D
downwind, SPLs of all frequency bands in the night are either
equal to or more than the afternoon levels, even though at 2D
the opposite is true.

3.2. Time Dependent Results

The time dependent results focus on the downwind of the
turbine since previous studies showed that the unsteady nature
of the wake and the aerodynamic noise emitted from rotating
blades result in far field modulations [56]. A quantification of
the unsteadiness is carried out by investigating the amplitude
modulation (AM) levels and then time signals at the selected
receiver locations are shown. AM levels are quantified using
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Figure 10: Time averaged spectra at the receivers of 2 m height and various
downwind locations in two periods of the day. From top to bottom: 2D, 5D,
15D, 30D distance downwind of the turbine.

the method proposed by the UK Institute of Acoustics (IoA)
Noise Working Group on Wind Turbine Noise Amplitude Mod-
ulation. The method is based on transforming a SPL time series
of 10 second blocks into frequency domain in order to detect
the blade passage frequency and its next two harmonics. Af-
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Figure 11: Amplitude modulation levels downwind of the turbine for receivers
at 2 m height at various times of the day.

ter certain checks and filtering, an inverse Fourier transform is
applied and the modulation depth is determined from the recon-
structed signal. This procedure is repeated 60 times for each 10
minute dataset and the detected AM values are averaged. Thus,
at each receiver one value is obtained as representative for each
period of the day. Figure 11 shows the AM levels downwind of
the turbine for receivers at 2 m height at various time instants
in the day. In near field the AM levels are around 1 dBA in the
night time and in the morning while in the afternoon the lev-
els are the lowest, 0.6 dBA. The small difference between the
night time and afternoon SPLs (=~ 0.4 dbA) is associated with
the incoming wind shear and it is detailed via SPL time signals
later on. Starting from the near field up to a distance of 1200
m the AM levels increase with distance. This is valid for all
times of the day; however the peak values show a variation. In
the night time and in the morning there are two distinct peaks,
one at ~ 1200 m and another one at ~ 2700 m. The first peak is
due to the sound waves that are refracted downwards after being
trapped within the long wake deficit. The second peak is due to
the secondary downward refraction. This can be seen from the
side view contours in Fig. 8. As the blades rotate, the emitted
waves go through the wake deficit region and refract differently.
Thus, the location of the enhanced SPL regions changes. This
results in high SPL. modulations. It is also observed that at both
distances (1200 m and 2700 m) the AM levels in the night time
are slightly higher than in the morning. The reason behind this
is not very clear to the authors.

Figure 12 shows SPL time signals for two periods of the day
(night time and afternoon) and at two receiver locations down-
wind of the turbine (near field (2D) and far field (15D)). At 2D
the average overall sound pressure levels are similar (within 0.5
dBA) but the SPL time signal in the afternoon shows more fluc-
tuations than that in the night. This can be attributed to the high
incoming turbulence levels associated with the convective con-
ditions in the afternoon. There is no clear trend of increased
peak-to-trough ratios of OASPL for different times of the day
in the near field downwind of the turbine. In addition to the
overall SPL, two frequency bands are also shown: 50 Hz band
where the turbulence inflow noise dominates the spectrum and
315 Hz band where the trailing-edge noise is dominant. The
50 Hz time signal at 2D distance shows clearly that the levels
in the afternoon are higher than in the night. This is again due
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Figure 12: Time signals of overall and frequency dependent sound pressure levels at receivers of 2 m height in the near field (2D downwind) and far field (15D

downwind).

to the high turbulence. The 315 Hz band, on the other hand,
shows very similar mean levels in the near field. However, the
peak-to-trough ratios are slightly higher in the night. This can
be explained by the high wind shear associated with stable con-
ditions in the night time.

Far field levels have a different trend. The variation of source
levels combined with propagation caused fluctuations result in
higher peak-to-trough ratios than in the near field. The selected
receiver location in the far field is at 15 D (1200 m) where the
AM levels in the night time are considerably higher than in the
afternoon (see Fig. 11). This is also observed in Fig. 12. While
a larger SPL variation is observed in the afternoon (levels vary
more during 10 minutes), SPL in the night time has more reg-
ular fluctuations with higher peak-to-trough ratios. This can
again be explained with the damped turbulence and the persis-
tent wake deficit associated with the night time.

4. Conclusion

In this study a fully consistent unsteady approach has been
developed for modelling wind turbine noise and both time aver-
aged and time dependent variability of wind turbine noise over a
diurnal cycle have been studied with a propagation model based
on Parabolic Equation method. The flow and temperature input
is obtained from Large Eddy Simulation with a rotating actu-
ator disk model, while the source levels are predicted using
aero-elastically coupled semi empirical noise models. It was
observed that for a wind turbine with a hub height of 70 m and
a diameter of 80 m, the near field levels are similar (within 0.5
dBA) for the same hub height wind speed. The small difference
is mostly caused by the varying turbulence levels during the di-
urnal cycle and manifests itself at the low frequency range of the
spectrum (below 150 Hz). However, far field levels showed a
larger variation depending on the atmospheric conditions. The

largest difference in A-weighted overall sound pressure level
was observed between night time and afternoon, in other words
between convective and stable conditions. The difference in
SPLis 2.5 dBA at 650 m and reaches 6.5 dBA at 3600 m down-
wind of the turbine. The quantification of unsteadiness was
carried out with an amplitude modulation detection procedure.
It was observed that enhanced far field amplitude modulation
(AM) levels also vary with the time of the day. Peak AM levels
were observed at distances of 1200 m during evening and night
time, while in the afternoon no specific peaks were detected.

In conclusion, this paper has presented the importance of
the atmospheric conditions for far field receivers and how SPL
varies with distance even with similar source levels. Future
work will focus on a statistical approach to study the far field
noise levels combined with the prevalence of various atmo-
spheric conditions. Furthermore, unsteady simulations for wind
turbines operating under wake conditions and yaw error will be
carried out.
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Chapter 7

Preliminary Wind Farm Study

This chapter addresses the last objective of the thesis, namely the code preparation
for wind farm noise mapping. The intricacy of the wind farm flow in complex terrain,
sound propagation through multiple wakes and many other issues restrict the present
chapter to be only as a preliminary study for the future work.

7.1 Flow Around a Wind Farm

For this study a wind farm in Shanxi region of China is selected. In total 25 turbines
with hub heights of 70 m and rotor diameters of 93 m are located over a hilly
terrain. For the low modelling Reynolds-Averaged Navier-Stokes (RANS) option of
DTU flow solver EllipSys3D was used [70, 71]. The wind turbines were modelled
with actuator disk technique and the Menter’s k-w turbulence model was adapted
accordingly (72, 73]. This turbulence model combines the k-w model by Wilcox in
the inner region of the boundary layer with the standard k-e model in the outer
region and the free steam outside the boundary layer. The details of the wind farm
flow field study and comparison with measurements can be found in [74]. Figure 7.1
shows the streamwise velocity around the farm for one wind direction. The effects
of the undulating terrain and the merging wakes are visible in the figure. These flow
fields are later on used as input to the sound propagation calculations.
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3000 -2500

Figure 7.1: Streamwise velocity at various 2D slices around wind farm. Wind direc-
tion is along y axis.
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7.2 Noise Around a Wind Farm

Source Representation

Similar to the previous two chapters the wind turbine noise source was represented
via a point source for each blade at 85 % radius in a quasi three dimensional form. To
capture the overall wind turbine noise directivity pattern, the airfoil turbulent inflow
and trailing-edge noise directivity functions given in [75] were used. The former is
associated with the low frequencies (i.e. the range of wavelength that is larger than
the blade chord) and has a dipole directivity pattern. The latter is associated with
relatively higher frequencies and has a cardioid directivity pattern. These functions,
referred to as D; and Dy, respectively, including the convective amplification factors
in the denominator are given:

D6, ) = SOs0) (1)
(1 — Mcos( 9))
D0, 6) — 2sin?(0/2)sin?( ) (7.2)

(1 - ﬂfcos(@))

where 6 and ¢ are the directivity angles that vary with respect to the source and
observer locations (see Fig. B3 in [75]). Using the proportionality of directivity
functions with the square of pressure [76] the additional term was added to the
equation:

Ly(fi) = Lw (fi) — 10logy,(47R?) — o fi) R+ AL(fi) + 10logp(Da), (7.3)

where the terms on the right hand side represent source power level, geometrical
spreading, atmospheric absorption, transmission loss obtained from the propagation
calculations and the directivity function, respectively. The directivity function was
normalized via dividing the values by its maximum. The term D,, was substituted
with D, for the frequencies lower than 200 Hz, and with D), for the frequencies higher
than 200 Hz.

The simulations were carried out for one full rotation. The sources were rotated
with 30° blade azimuth angle increments for all turbines. At each blade azimuth
angle 30 independent turbulence realizations were carried out. The von Karman
spectral density function was used with the parameters: C%/T¢ = 6 x 10~ 7m~%/3,
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C2?/ct =1 x107m~%3 Ky = 0.12, number of modes N = 2000. The same source
power level was used for all sources and all realizations (see Fig. 7.5 for the spectrum).
1/3-octave band centre frequencies from 50 Hz to 800 Hz were used for single wind
turbine simulations. The frequency range for the wind farm simulations are explained
later on. The ground impedance value was selected to represent grassland.

To gain insight of this setup, first the single turbine simulations were carried
out over flat terrain. Figure 7.2 shows the time averaged noise maps at 2 m height
around a wind turbine for four cases. Figure 7.2)a shows the SPL distribution for
a non moving atmosphere without the directivity term in eq. 7.3. As expected the
SPL attenuation in all directions are identical.
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Figure 7.2: Time averaged noise map at 2 m height around a wind turbine over flat
terrain: a) non moving atmosphere without source directivity, b) non moving atmo-
sphere with source directivity ¢) moving atmosphere without turbulence and with
source directivity, ¢) moving atmosphere with turbulence and with source directivity.

In Fig. 7.2)b the directivity is the only factor that causes SPL azimuthal vari-
ation. The upwind and downwind levels are similar while the crosswind levels are
significantly smaller. This observation is in line with the numerical study in [77]. It
is clear that the crosswind levels reach unrealistically low levels as a result of the
directivity functions’ behaviour. An advantage of this study is that the directivity
term is simply a post processing issue, and thus it is easy to modify if experimental
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input is provided. Nevertheless, the expected dipole-like pattern is captured with
this approach. Figure 7.2)c shows a clear indication of increased SPL attenuation
upwind of the turbine (note that the wind direction is from south to north). The
effective speed of sound for the moving atmosphere is parametrized using a loga-
rithmic wind speed profile with a surface roughness value of 0.1 m and constant
speed of sound. The simulations including turbulence (Fig. 7.2)d) show similar SPL
distribution downwind of the wind turbine, however the extent of the shadow zone
upwind of the wind turbine is decreased due to turbulent scattering. The number of
realizations can be increased for a more statistically correct approach, however here,
the idea is to gain insight of the directivity pattern that will be implemented for the
wind turbines located in the farm (see Sec. 7.2).

Wind Farm Noise

The wind farm noise simulations were carried out using the aforementioned setup.
First, the streamwise and the lateral velocity fields were interpolated from RANS
results for the corresponding 2D PE slice from each source to each receiver. The
receiver points were distributed around the wind farm in a gridded manner. Even
though the wide angle PE option was selected, to ensure the validity of the results the
receivers within 200 m distance to any turbine were eliminated. Figure 7.3 shows the
turbine layout and the receivers in which the remaining receivers after elimination
were circled. Figure 7.4 shows the sketch of the 2D PE domains constructed from all
sources to one receiver for single time step. Similar to the single turbine simulations,
at each blade azimuthal location 30 independent turbulent realizations were carried
out.

Different to the single wind turbine simulations the frequency range was dynam-
ically adjusted. This means that if the distance between the source and receiver was
longer than a given threshold, certain frequencies were not simulated. This helps
to decrease the computational time. To justify these distances and frequencies only
the atmospheric absorption was subtracted from the source power level at different
distances (see Fig. 7.5). It is clear that the high frequencies are attenuated much
more than low ones. The simulations were carried out such that if the distance is
longer than 1000 m, 2000 m, 3000 m and 4000 m, the frequencies larger than 900
Hz, 800 Hz, 600 Hz and 500 Hz were not simulated, respectively. This setup can be
easily changed in the code.

Before the whole wind farm results were discussed a PE contour plot for one point
source is shown in Fig. 7.6. The same figure also shows the streamwise velocity that
has been used as an input to the sound propagation calculations. Two receiver
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Figure 7.3: The top view of the receiver locations and farm layout. Crosses with
circles are the receiver locations that are not within 200 m to any turbine, squares
are the turbines.

locations, upwind and downwind of the turbine, were selected and the simulations
were carried out for 500 Hz. Downwind of the turbine the wake effect on propagation
is seen and the waves are guided downwards at a certain location. This effect was
discussed extensively throughout the thesis. Upwind of the turbine the terrain effect
on sound propagation results in a shadow zone in the trough of the valley and causes
the transmission loss values to be higher further away from the source. Note that
this figure shows a single blade simulation that is represented as a point source
without the directivity function, atmospheric absorption, geometrical spreading or
turbulence. Therefore, it should only be used to qualitatively inspect the sound
propagation over complex terrain including the realistic time averaged How field.

The wind farm simulation outputs were saved only at a single receiver height (2
m) for the locations shown in Fig. 7.3. Figure 7.7 shows the interpolated noise map
for the wind direction corresponding to the flow field shown in Fig. 7.1. It is observed
that the directivity does not play a role as effective as the single turbine case since
the crosswind levels are usually insonified by other turbines. Similar to Fig. 7.6 the
terrain undulation sometimes causes unexpectedly high levels further away from the
turbines. To investigate the effects of terrain, realistic flow and turbulence on noise
separately other sets of simulations were carried out.
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Figure 7.4: Sketch of the 2D PE domains from all sources to one receiver location
for single time step
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Figure 7.5: Source power level subtracted the atmospheric absorption at various
distances
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Figure 7.6: Top: The transmission loss for 500 Hz. The red sphere shows the source
location. Bottom: The corresponding streamwise velocity in which the sound prop-
agation takes place. The black sphere shows the source location.
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N =]

Figure 7.7: OASPL at 2 m receiver height around the wind farm. The wind direction
is along the y axis.

e Case 1: Flat terrain simulations with the homogeneous atmosphere (no wind
- flat terrain - SPL, ).

e Case 2: Flat terrain simulations with the logarithmic effective sound speed
profile (logarithmic wind - flat terrain - SPLy ).

e Case 3: Complex terrain simulations with the logarithmic effective sound
speed profile (logarithmic wind - complex terrain - SPL3 ).

e Case 4: Complex terrain simulations with the flow field obtained from RANS
(RANS wind - complex terrain - SPLy ).
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Figure 7.8 shows each of the case that are itemized above. The distribution of
Case 1 shows a regular SPL attenuation in all directions and the directivity is the
main cause of azimuthal deviation. In Case 2 it is clear that the upwind noise levels
are much lower than the downwind ones and the upwind SPL attenuation is very
regular as the complex terrain is not considered. Similarly, Case 3 shows higher levels
in the downwind than the upwind. However, the upwind SPL attenuation distributed
in a more complex manner than Case 2. There are regions with amplified as well as
attenuated SPL in comparison to Case 2. To visualise the effect better a differential
SPL plot is depicted in Fig. 7.9. Downwind of the turbines the terrain is very
smooth, and thus the differential levels are close to 0 dBA. However, at the upwind
of the turbines the differential SPL changes depending on the receiver location. The
variation reaches approximately & 11 dBA, which shows a significant error if the
terrain was not taken into account. Lastly, the Case 4 is compared with Case 3. This
comparison shows the effect of realistic flow field and turbulent realizations. The SPL
difference is not as high as the previous comparison. Nevertheless, the differential
values reach -4 and +8 dBA. It is observed that the upwind levels are amplified
in Case 4 due to the turbulence scattering, which is an expected outcome. The
downwind levels are mostly attenuated when the realistic flow field and turbulence
is taken into account. There can be multiple reasons for this. For example, it is
possible that the logarithmic wind profile used in Case 3 causes a stronger downwind
refraction than the RANS flow. It is also possible that the wake effects are causing
local SPL amplification or attenuation regions that we can not asses with the few
amount of receiver locations. It is difficult to derive conclusions from this preliminary
study. Nevertheless, it is clear that the realistic flow field is an important parameter
to take into account for accurate noise prediction. Note that this interpretation
is only valid for the given wind direction and the turbulence realizations, hence it
should not be generalized for all wind farm noise simulations.
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Figure 7.8: Top view of OASPL distribution at 2 m receiver height around the wind

farm. Four cases are itemized in the text. The black points represent the wind
turbines.
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Figure 7.9: Top view of differential OASPL distribution at 2 m receiver height around
the wind farm. Left: SPL; is subtracted from the SPLs to investigate the effect of
terrain. Right: SPL; is subtracted from the SPL, to investigate the effects of RANS
flow and turbulence realizations. The black points represent the wind turbines.
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Chapter 8

Conclusions and future work

In this thesis the wind turbine aerodynamic far field noise was investigated with a
wave-based propagation model with various source and flow input methods. The
developed propagation tool was based on the parabolic equation (PE) method. The
PE method is a numerical technique that solves the wave equation with various
approximations (i.e. frequency domain, far field, one way propagation). A two-
dimensional implementation was carried out. The main inputs for the PE method are
the wind speed and speed of sound distribution, ground impedance and terrain along
the propagation path. Throughout the thesis various cases with different atmospheric
conditions, ground types were studied. The wind turbine as a sound source was
represented either as a single point source at hub height or moving sources around
the tips. Steady as well as unsteady flow input including the temperature effects
were incorporated to the simulations. The relevant observations regarding the wind
turbine noise generation and propagation phenomena are listed below:;

e The source simplification studies showed that the time averaged SPL can be
captured within reasonable accuracy via 2D moving source approach as long
as the source levels are correctly weighted.

e The comparison of various fidelity flow models showed that the time averaged
SPL can be obtained within reasonable accuracy using the steady flow output.

e The two items above can pave the way for more accurate but computationally
less demanding noise mapping tools for wind farms. However as the items below
will also point out the quantification of the unsteady effects such as amplitude
modulation should be carried out with the combined model in which the source
level fluctuations and propagation effects are taken into account consistently.

104
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It was observed that the wind turbine rotational speed is one of the major pa-
rameters that determines the source power levels. This is an expected outcome
due to the increased tip speed with the increasing rotational speed.

Comparison of the simulated wind turbine noise source power levels throughout
the day showed lower levels at night than daytime which was associated with
the enhanced turbulence intensity under convective atmospheric conditions.

Throughout the thesis the wake effects on sound propagation has been an
underlining factor in regards to far field SPL amplification or attenuation.
As the variation in the atmospheric conditions cause a variation in the wake
evolution, it can concluded that the atmospheric conditions affect wind turbine
noise propagation not only directly (due to varying wind shear, ABL height
and turbulence levels etc.) but also indirectly (due to wake evolution).

Unsteady combined simulations showed that the enhanced far field amplitude
modulation can be associated with the unsteady wake dynamics and rotating
blades. In other words moving noise sources with constant variation of source
power levels (blades) combined with wake deficit and its unsteady dynamics
(e.g. meandering) cause increased far field AM levels. Particularly, the in-
creased AM levels were observed at night time with the simulations including
wake.

From the preliminary wind farm study it was concluded that the realistic flow
field as well as the terrain undulation are important parameters for an accurate
noise prediction around a wind farm.

Future Work

Future work and further applications of the developed tool may address:
e Wind farm noise mapping and further experimental validation of the code.

e Wind turbine and farm control based on instantaneous far field SPL predictions

at the specific receiver locations to confine with the regulations.

e A more systematic uncertainty quantification and sensitivity analysis study of

various inputs such as flow, terrain and ground impedance.
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Problem Statement ;

Noise is one of the main obstacles to achieve a broader public acceptance of wind energy. Fewer
economic sites are available in EU which implies that the turbines will be placed even closer to the
populated areas. There are various studies which show that wind farms do not trigger specific
ilinesses however annoyance and acceptance is not a negligible issue,

80;
understanding the
» noise generation & propagation mechanisms and the effects of these on people.

and,

» developing wind farms accordingly via involving and informing the public during the planning
phases would help to broaden the usage of wind energy

Objective:

This project aims for developing advanced methods which will serve for designing low noise wind
farms with high annual energy production.

Propagatlon & Modeling

" = Pop Quiz - |

" Q: Have you ever noticed that sometimes, you don’t hear the trains *
I passing by at certain times of the day even though the distance H
« between the station and your house remains unchanged ? Why? o
I
. A: One of the most plausible explanations, is that the weather l}
" conditions at that moment were causing the sound waves to

, Propagata in a way that you, as a raceiver, wore not hearing as much
as you would at another time of the day. "

Figure 1 : Sketch of

Propagation of acoustic waves in the atmosphere is affected by numerous (often combined) effects e.g.
ground, topography, mean temperature gradients, wind-speed, and their random fluctuations. There are
different modeling techniques and each of them comes along with its benefits and drawbacks. An
overview is given in the section — Methods & Implementation. (to your right)

Introduction Methods & Implementation

Overview of Noise Propagation Models

« Engineering approach
— Ray model (very fast, accurate for high frequencies)

» Time Domain Numerical Approaches: (expensive, propagation in all directions, more than one
frequency is resolved)
— DNS, LES/CAA: compute source + propagation, based on solving Navier-Stokes equations.
- FDTD: given source + propagation, based on solving Euler equations

« Frequency Domain Numerical Approaches: (less expensive, mostly one way propagation, one
f

~ Fast Field Program (FFP) (layered atr

p and homog ground)

This project employs Parabolic Equation (PE) method which computes the sound field by solving a PDE
which is derived from wave equation with the assumptions of harmonic wave, far field and eventually
one way propagation. This, in 2D, yields ;

=i/Q0 where 0=4TP,Q 7—+ KZr where kepy = 20 feer(1,2)

In this set of equations we solve for P (pressure). The effective wave number (k.s) is the main input
which contains effective speed of sound (c.;) and the frequency of interest (f). There are various
numerical methods to solve the system above. So far the methods implemented within this project are
using either Finite Difference Schemes (GTPE) or FFTs (rGFPE). Both methods yield an initial value
problem where the simulation is started with the source term which is afterwards solved via space
marching. Both models can handle:

- Varying wind (in the propagation direction) and sound speed profile along the propagation path

( via effective sound speed approach)

« Varying ground properties

(via bottom B.C., ground Impedance derived from various models is an Input)

« Atmospheric Turbulence

(via refractive index fluctuations w.r.. von Karman Spectrum, various methods exist )

« Complex Terrain

(via terrain following coordinates, conformal mapping, domain decomposition etc.)

+ Different starting fields

(via modified Initial value various starting fields can be an input for directionality etc.)

Figure 2 : 2D axisymmetric domain

Effect of Impedance

For an elevated source and a receiver:
ground causes interference between direct
and the reflected wave. This can result in
enhancement or attenuation of the sound
pressure level at the receiver height. (due

Effect of Impadanca on the Propagation Loss

Propagation Loss [dB]

to constructive or destructive
interf ). In order to i g this,
the effecti resistivity p was

varied using Delany-Bazley model in a
non-refracting  atmosphere on a

@ = 400000 s 5 m |

n-unnnnh.m"}»

Effect of Terrain

The terrain on which the sound travels also affects the propagation. Below; various simulation outputs
are depicted. It is seen that under the same atmospheric conditions the receiver would be exposed to
varying noise level dependent on the terrain.
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- Source @(0,15)
Propagatien Direction ‘
+ No Turbulence R
+ Downward Refraction - Log. Wind 5 a0 45 b i ' i "
= — y

homogenous ground. The surfaces from

snow to sealed asphalt was represented. L W I

Frequency [Hz)

The results show large attenuation values for soft grounds, and then this gradually decreases with
increasing resistivity. Another observation is that the lower peak values are shifted towards the higher
frequencies with an increasing resistivity.

Effect of Atmospheric Turbulence
For the sound propagation models the turbulent
atmosphere is usually described as a medium with a
randomly fluctuating effective speed of sound which
comes in as a phase multiplier into the equations,
elkordr) Here the refractive index factor (u) is generated
such that the correlation function of it will be
itative for turbulence. (in this case von Karman
Spectrum fit, shown to the right) 10? 1ot 10° o' 1! 0’

Length Scale-2 < ]
The whole spectrum (Black Zone) was divided into three parts; Green Zone (I > 10m), Red zone
(1m < Iy < 5m), Blue zone (I, < 0.5 m) representing those scales. The simulations were run both with

Exampie o the von Karman Spacirum

BlunZme  ReaZone

Powor Spectral Darsity

the full spectrum content as well as the band pass filtered versions. The reason for this was to |
investigate the theoretical input which postulates that the turbulence scattering is expected to be |

dominated by the eddy sizes that are of the order of the wavelength. The investigation is carried out for
one frequency, 100 Hz ~ 3.4 m. The results clearly show that the scattering effect that is caused by the
whole spectrum (to the left) can also be captured with the band pass filtered version (the middie) - Red

zone. On the other hand the very large scales (to the right) has almost no effect to the scattering at the |

receiver. (the very small scales are not shown since it has a very similar behavior with the very large
scales, so Green Zone and Blue zone scales have similar effect for this configuration)

100 Hz, Grass Ground I(\um— This color map is also

« Source @(0,2) valid for the lower three
« Propagation Dmhn-
ropagation lots
+ No Turbulence i i
+ Large shadow zone
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Effect of Sound Speed Distribution
The variation of the atmospheric conditions can

be investigated via changing the vertical .
effective speed of sound distribution. A well _
representative profile is the logarithmic profile; M N
C:,r,(z)—cu+bvtn( +1) E
where ¢y = 3402 ++%o=10.1 and bare reference 5 "“ L
sound speed, aerodynamic roughness and «| 3 A

refraction set-up parameter, respectively. T T
Frsqueney el

The investigations were carried out for flat grass covered terrain under three different conditions.
(b=1 - downward,b = -1 — upwardand b = 0 — non — refractive) . The results show that up to 100
m the atmospheric conditions are not very effective. However, for longer propagation distances the
effective sound speed distribution can result in large shadow zones, particularly for high frequency
content.
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Conclusions & Future Work

Various parametric studies conclude that the noise prediction tools may fail if the realistic atmospheric
conditions, terrain and ground characteristics are not correctly taken into account. To this extent
Parabolic Equation (PE) method is a promising tool in terms of promise between y and
computational time. It is the aim of this project to further improve wind farm noise propagation tools by
taking advantage of the developing computational power and accuracy of the methods.
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Noise Propagation Py
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Dept. of Wind Energy, Fluid Mechanics Section, Technical University of Denmark

Introduction

Wind farm developers rely on noise ing tools for environmental studies. noise ing during wind farm development phase may result in two scenarios;
* Underprediction of the sound levels
This causes downregulation of wind turbines under certain ic (wind directic etc. ).

* Overprediction of the sound levels
This causes turbines to be located at less resourceful sites.
Both of these scenarios increase the cost of energy. With this study it is aimed to investigate the variability of noise levels dependent on the input s using a physics based propagation model.

Propagation Phenomenon
Propagation

1 . This work employs Generalized Terrain Parabolic Equation (GTPE) [1] method which computes the sound field
by solving a PDE that is derived from the wave equation with the assumptions of harmonic wave, far field and
eventually one way propagation. This, in 2D (after mapping for terrain following coordinates), yields ;

N Q: Have you ever noticed that sometimes, you don't hear the trains I
U passing by at certain times of the day even though the distance "
" between the station and your house remains unchanged ? Why? I

ate
araz

) 3 g2 op 3\ _ nde 2y 0 g2
L+ 2ikg 3o — kip — 2H' (= + kg5 ) — H" 224 (1 + HP) 32 + k% =5

s W™« A One of the most plausible explanations, is that the weather |

= exn(i 7 -
&7y, | conditions at that moment were causing the sound waves to propagate where ¢ = exp(ikor)VrP and k = 2nf fcop¢ (1, 2)
iy . ina way that you, as a receiver, were not hearing as much as you would I In this set of equations we solve for P (pressure). The effective wave number (k) is the main input which
| 2tancthertime oftheday. ~ _ _ _ _ _ __ | contains effective speed of sound (c.r; = c(T) + v,) and the frequency of interest (f). Two of the inputs that
Figure: 12 skeach of stmosphesic acise propagation mechanisms this method needs are; background flow and source power levels. The methods used for obtaining inputs are

explained below.
Propagation of acoustic waves in the atmosphere is affected by numerous (often combined)
effects e.g. ground, topography, mean temperature gradients, wind-speed, and their random
fluctuations. This study is limited with the effect of steady flow field, wind turbine noise source

levels and terrain.

s et s s = = = = Flow Field
Flow field was obtained from Reynolds Averaged Navier-Stokes solution with Actuator Disk representation of
I Il the wind turbines [2]. Effects of wind turbine wake flow field on propagation is extensively studied by the

Exch 2D PE sliee represents the
propagaticn from & turbine to one single
receiver. Figures on the left and right
shows two samples of this. Subsequently,
distributing receiver locations in a circular
manner yields 3 ‘noise rose’. (see results)

" Q! Why do stars twinkle? (why do we see the stars as if they change their brightness) . authors in [3][4]

" I Source Levels

I A: The movement of air in the atmosphere of Earth causes the starlight to get slightly bent as it travels to the « Source power levels are obtained from semi empirical noise model that is developed in [5]. For each turbine
, observer. So some of the light reaches us directly and some gets bent slightly away. This is a good analogy to the | location the wind speed and turbulence levels are obtained from flow solver and then the source power levels
I sound waves pi ing in turbulent h - are calculated.

KEY NUMBERS : 19 Number of wind turbines in the wind farm. 36 Number of receiver locations around the wind farm 15 Number of acoustic frequency si 800 Value of the highest acoustic frequency si [Hz]

Wind Farm Noise Map 1 (WFNR1) simulates; . A Wind Farm Noise Map shows the
sound pressure levels at ground level.

Flat Terrain.

Same source strength for all turbines and all directions.

Same logarithmic wind profile for all directions and whole domain.

If realistic source characteristics |changes.

Difference with all parameters

aSPLEB) SR, -SPL

it

pooll o ———- .
-
H
Wind Farm Noise Map 2 (WFNR2) simulates; 8 e 3
Complex Terrain. i '
Source strength variation w.r.t. local flow, turbulence 1008) .
levels and directivity. s
Flow Field that is obtained from RANS. -
o Toom Fra—

EI]

Distancs [m]
Conclusions

The effects of three parameters are investigated on wind farm noise, namely terrain, source characteristics and flow field. When all three effects are correctly taken into account the difference in SPL between the simplest case (WFNR1) and the

case with all three parameters can reach up to 15 dB. Separate parametric studies show that (for this specific wind farm)

Flow field, that take into account the wind turbine wake and the terrain effects, change the SPL significantly. Certain locations the differences can reach up to 8 dB if a realistic flow field was not taken into account. It is observed that Terrain

did not play that much of a role on overall far field sound pressure levels in this case. Source levels, that take into account wind turbine noise directivity and local flow conditions, generally decrease the overall SPL. There are two reasons for

this: 1) due to the dipole pattern directivity of wind turbine noise emission, sound pressure levels perpendicular to the incoming wind direction decrease dramatically. Note that the simplest h (WFNR1) pole pattern

directivity (which radiates sound equally well in all directions). Therefore the SPL is over estimated for the WFNR1 case. 2) The local flow conditions (local wind speed and turbulence levels) may have different effects. For example, due to wake

and terrain turbulence levels are mostly increased (this results in increased source power levels), however due to same reasons (mostly wake) the wind speed is decreased (this results in decreased source power levels).
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DTU Wind Energy is a department of the Technical University of Denmark with a unique integration of research, education, innovation and
public/private sector consulting in the field of wind energy. Our activities develop new opportunities and technology for the global and Danish
exploitation of wind energy. Research focuses on key technical-scientific fields, which are central for the development, innovation and use of wind
energy and provides the basis for advanced education at the education.

We have more than 240 staff members of which approximately 60 are PhD students. Research is conducted within nine research programmes
organized into three main topics: Wind energy systems, Wind turbine technology and Basics for wind energy.
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