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ABSTRACT

A significant aerodynamic noise from wind turbines arises when the rotating blades interact with turbulent flows.
Though the trailing edge of the blade is an important source of noise at high frequencies, the present work deals
with the influence of turbulence distortion on leading edge noise from wind turbine blades which becomes sig-
nificant in low-frequency regions. Four quasi-empirical methods are studied to verify the accuracy of turbulent
inflow noise predicted at low frequencies for a 2 MW horizontal axis wind turbine. Results have shown that
all methods exhibited a downward linear trend in noise spectra for a given mean wind speed except at very
low frequencies. With an increase in turbulence intensity from 6% to 14%, the sound power was found to increase
almost linearly, and the standard error for sound power was reduced for all methods studied. The computed
results were validated and agreed well with experiment noise data from Siemens SWT-2.3MW 93 wind turbine.
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Nomenclature
U Mean or free stream wind speed
I Turbulence intensity
σu Standard deviation for longitudinal wind speed component
k, kx, ky, ke Wave number, Turbulence wavenumber in chord and blade span directions, Turbulent wavenumber of

eddies
Re Reynolds number
M Mach number
c Chord length of aerofoil
L Span length of aerofoil
Ω, ω Rotational speed in RPM, Circular frequency
R Blade radius
re Effective (projected) distance from source to observer
Lw Sound power
SPL Sound pressure level
SPL1/3 1/3rd octave sound pressure
DL, DH Low & high-frequency directivity functions
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f 1/3rd octave band frequency
l Turbulence length scale
ρ Air density
u Local flow velocity over the blade span
S Acoustic transfer function
β Prandtl-Glauert compressibility factor
ϴ Directivity angle between the observer and trailing edge of the source along span
Ф Directivity angle between the observer and trailing edge of source along chord
Mc Convective Mach number
p, pref rms acoustic pressure, reference acoustic pressure
TI Turbulence Intensity
H Height above ground
B Number of blades
fz fww Longitudinal turbulence spectrum, Turbulence velocity spectrum
dB Decibel
K1 Frequency dependent scaling function
w, wr rms and Reference turbulence intensity
μPa Micro Pascal

1 Introduction

Renewable energy is one of the fastest growing energy sources and accounts for more than 10% of
global power generation in the world today to tackle power deficits and climate changes across the world
Doolan [1]. Among all renewable energy technologies, wind power plants are one of the most important
and efficient methods to harness wind energy. As more wind farms are installed across the world,
acoustic emissions from wind turbines are seen as a constraint by many establishments. Pedersen et al.
[2] conducted a comparative dose-response study on the effects of wind turbine noise from a group of
wind farms in the Netherlands and Sweden. They found that most of the noise from wind turbines was
found to be visually annoying and caused sleep disturbances compared to other community noise sources
from aircraft, railways, road traffic, and shipyards industries [3]. Several researchers, including Moreau
et al. [4], Moriarty et al. [5], Grosveld [6], Oerlemans [7], Brooks et al. [8], Lowson [9,10], Amiet [11],
Hubbard et al. [12], Kim et al. [13], and van den Berg [14], have conducted studies on flow-induced
noise from airfoils used in various applications such as compressors, gas turbines, and helicopters. They
used numerical models to predict aerodynamically generated noise, and their findings were reliable.
Numerous acoustic experiment techniques and analytical methods have been developed by Kerscher et al.
[15], Butt et al. [16], Kümmritz et al. [17], and Licitra et al. [18] to predict the trailing edge noise
radiation for different aerodynamic flow conditions. To a large extent, the acoustic properties of airfoil
self-noise and turbulent inflow noise sources were based on the boundary layer turbulence parameters,
turbulence intensity, and integral length scales. Noise radiated can be exhibited in the form of a dipole or
as a quad pole at different frequencies and dependent on mean flow velocity as well as fluctuating
velocity. Also, the noise that arises from rotating blades of wind turbine generators is often perceived by
inhabitants near wind farms either as “swish” or “thump” type characteristics and undergoes amplitude
modulation that occurs at blade passing frequency. The amount of sound produced by a wind turbine is
closely linked to the average wind speed measured at the hub height of the turbine, according to studies
conducted by Makarewicz et al. [19] and Bowdler [20]. One of the key sources of broadband noise is the
inflow turbulent noise that is not yet fully comprehended, as it relies on rapidly changing turbulent
velocity spectra. At low frequencies, this type of noise source can also exhibit a periodic or random
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impulsive type characteristic in the near field. The acoustic waves produced at low frequencies do not
get attenuated and tend to undergo amplitude modulation in a far field which can cause
serious annoyance patterns among inhabitants living near wind farms. The extent of perceived annoyance
level is high when overall noise contains a significant amount of low-frequency content and increases
more rapidly than high-frequency noise. Though turbulent inflow noise has been studied extensively
using numerical and experimental methods, recently Faria et al. [21] have investigated this noise source
by applying rapid distortion theory (RDT) on a flat plate and NACA 0008 airfoil. The rapid distortion
theory is also essentially a semi-empirical approach to characterize the turbulence velocity field accurately
and predict the inflow turbulence noise well. Faria et al. [21] applied the assumptions for the RDT
criterion and verified for different chord lengths, thickness to chord ratio, and turbulent intensity levels
which varied up to the range 0.15 m, 8%, and 4%, respectively. For wind turbines, the interaction of
turbulence with the leading edge of the blade is a significant source of noise which depends not only on
turbulence intensity but also on the length scale of incoming eddies. The size of eddies and turbulence
intensity levels play a key role in noise generation at low frequencies. The objective of this paper is
primarily dependent on the methods study which investigates the accuracy of modified rapid distortion
theory (RDT) to predict turbulence inflow noise when compared to those methods used by Moriarty et al.
[5] in the low-frequency part of noise spectra. To the author’s knowledge, this work has not been done in
the past and therefore it aids in understanding the qualitative accuracy of semi-empirical method
predictions based on the turbulence properties of the velocity energy spectrum. A sensitivity analysis has
been performed by varying turbulence intensity and mean wind speed parameters to understand its
influence on the aerodynamic noise generated from the leading edge of wind turbine blades. In Section 2,
four turbulence inflow noise methods are described based on mean flow velocity, turbulence intensity,
length scale, and directivity parameters. In Section 3, a description of the computational setup is
presented and consists of a solver to compute the local velocity field on wind turbine blades that is
coupled to a noise solver which uses acoustic equations to evaluate the noise data. Section 4 discusses
about validation of results obtained for turbulent inflow noise predicted from studied quasi-empirical
methods implemented on a 2 MW horizontal axis wind turbine with a blade length of 38 m. Further, the
effects of turbulence intensity and mean flow velocity on the turbulence inflow noise are analyzed to
provide additional insight into prediction errors in noise level from different methods studied. Finally, in
Section 5, conclusions are drawn based on deviations observed in computed turbulent inflow noise for
each of the methods.

2 Methods

2.1 Moriarty and Migliore Inflow Method
In this method, the turbulent inflow noise is modeled using the empirical relations developed by Lowson

[10], and Amiet [11] for airfoils and wind turbine blades. Lowson [10] used experiment airfoil measurements
intended to predict the surface pressure fluctuations at the trailing edge of the airfoil and its influence on the
leading edge velocity perturbations. From a given acoustic source, the inflow noise predicted by this method
depends strongly on boundary layer turbulence intensity, length scale parameters, and scales with sixth
power of local Mach number. The expression for 1/3rd octave sound pressure at an observer position can
be evaluated using Eq. (1) which includes high-frequency term, low-frequency correction factor, and
acoustic transfer function which takes into account the compressibility effects in turbulent flows. The
high-frequency term is aimed to predict the inflow noise and contains the von Karman turbulent energy
spectra for the velocity field given by Eq. (2).

SPL1=3 ¼ SPLH þ 10:log10
LFC

1þ LFC

� �
(1)
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SPLH ¼ 10log
q2c2lL
2r2e

M3u2I2
K3

1þ K2ð Þ7=3
�DL

 !
þ 58:4 (2)

LFC ¼ 10S2MK2b�2 (3)

S2 ¼ 2pK

b2
þ 1þ 2:4

K

b2

� ��1
 !�1

(4)

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�M2

p
(5)

K ¼ pfc
U

(6)

where M–local Mach number, DL is the low-frequency directivity function, f–1/3rd octave band frequency,
Hz, LFC is the low-frequency correction factor term given by Eq. (3), l is the turbulence length scale, L–
span segment length, I–Turbulence intensity in %, c–chord length in m, re is the effective distance
between the non-stationary source and (microphone) receiver, U–mean wind speed along the rotor axis,
u–local flow velocity over the blade airfoil span, S is the acoustic transfer function given by Eq. (4)
expressed in terms of β and K. β is Prandtl-Glauert compressibility factor given by Eq. (5) and K–wave
number given by Eq. (6). Further, experiment validation studies conducted by Oerlemans [7], Buck et al.
[22] on inflow noise from wind turbines revealed that noise prediction can also be done by using simpler
Kolmogorov spectra method for turbulence. However, the use of such method is not accurate to predict
low-frequency noise at specific frequency regimes and also difficult to validate the predicted results
because of the inherent limitations associated in measurement of turbulence energy dissipation that occur
at different length scales common for wind turbines.

The term DL, deals with the directional nature of acoustic waves radiated from a source at
low frequencies in the prediction of turbulent inflow noise given by Eq. (7). This function is
dependent on the two angles, Ф, θ, which can capture moving source position relative to a fixed
coordinate system. The position of the noise source is determined using the correction factors in a shifted
coordinate system and based on the observer’s position relative to the trailing edge of the airfoil [23].
Also, the trailing edge noise method formulated by Moriarty et al. [5], and Brooks et al. [8] considers
both the low and high-frequency directivity functions to predict noise from an acoustic source.
Furthermore, trailing edge noise from wind turbine blades shows a cardioid pattern which can be
described by high-frequency directivity function as given by Eq. (8) and scales as p2 α M5 where p is the
rms pressure. However, for turbulent inflow noise, the acoustic waves are generated near the leading edge
of the blade that becomes more significant at low frequencies which are often exhibited as a dipole
pattern perpendicular to the chord line and scales as p2 α M6. Thus, to an extent this dipole pattern varies
with mean velocity in a flow field. At high Mach numbers, the pressure waves in the boundary layer
convert from the surfaces and produce acoustic waves. The amplitude of acoustic pressure waves can
rapidly vary in near fields which can be better analyzed by the high-frequency directivity function given
by Eq. (8).

DL h;[ð Þ ¼ sin2 hð Þsin2 [ð Þ
ð1þMcoshÞ4 (7)
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DH h;[ð Þ ¼
2sin2

1

2
h

� �
sin2 [ð Þ

1þMcoshð Þ:ð1þ M �Mcð ÞcoshÞ2 (8)

where the terms θ andФ are the directivity angles between the observer and trailing edge of the source in the
span wise and chord wise directions. The term 1þ ðM �McÞcosh shows the convective nature of pressure
waves produced from a source relative to an observer in far field. The term sin2 hð Þ in the numerator of Eq. (7)
represents the compact dipole pattern exhibited at low frequencies while the term sin2 1

2 h
� �

in numerator of
Eq. (8) represents the cardioid pattern found at high frequencies.

2.2 Lowson Inflow Method
Hubbard et al. [12] derived an empirical relation for turbulent inflow noise based on the Amiet’s

experiment measurements of surface pressures on thin airfoils and flat plates in a wind tunnel. This
method can predict acoustic fields for a broad range of frequencies by considering turbulence properties
that are approximated based on homogeneous isotropic von-Karman turbulence spectra and also by
correlating the surface boundary layer velocity measurements with the acoustic field. The turbulent flow
properties were characterized based on the rms value of velocity fluctuations, turbulence wave number of
energy-containing turbulent eddies, integral length scale, and turbulence intensity. The overall
expression for terms in inflow noise prediction is similar to that of the method described in Section 2.1
except for the empirical constant term 58.4 is replaced with a value of 78.4 given in Eq. (2) to arrive at
the Eq. (9).

SPL1=3 ¼ 10: log10
q2c2lL
2re2

M3u2I2
K3

1þ K2ð Þ73
DL

2
4

3
5þ 78:4 (9)

As mentioned earlier, this method also constitutes the low-frequency directivity function and high-
frequency corrections for predicting 1/3rd octave sound pressure. The high-frequency correction also
involves isotropic von-Karman turbulent velocity spectra to calculate the turbulence velocity fluctuations
that act as a source for noise generation. These are coded using empirical constants which overcome the
limitations of Amiet’s method related to observer position in the measurement of sound pressure over a
frequency range, of 200–2500 Hz in sound spectra. The low-frequency correction involves the spherical
directivity and depends on the acoustic transfer function as described in Section 2.1 and is intended to
analyze the effect of periodic and random gusts on inflow turbulent noise. To take account of
compressibility effects in turbulent flows, it also considers the Prandtl-Glauert compressibility factor
expressed in terms of local Mach number, M. As mentioned before DL is the low-frequency directivity
function expressed in terms of observer angles in the rotor and azimuthal planes, respectively. The
symbols used in Eq. (9) assume the same meaning as given in Eqs. (1) and (2).

2.3 Grosveld Inflow Method
In this method, the turbulent inflow noise mechanism from horizontal axis wind turbine (HAWT) blades

is predicted based on the theoretical work on fluctuating lift generating force on airfoils and helicopter rotors.
The lifting force on HAWT blades is similar to that experienced on helicopter rotor. In the former case,
turbulent eddies approach rotor disk at any given mean wind speed, while in latter, they are compressed
and elongated alternately at the blade passing frequency in forward flight [6].
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As discussed in Section 2.2 the turbulence flow field conditions in this method are also assumed to be
homogenous isotropic. From a wind turbine perspective, the longitudinal velocity component is
considered significant for estimating turbulence intensity since it captures the turbulent velocity
fluctuations and sinusoidal wind gusts appreciably well. For neutral atmospheric stability conditions,
the longitudinal turbulence spectrum can be expressed in terms of reference turbulence intensity as
given by Eq. (10).

fz g;Vwð Þ ¼ w2
r

x
0:164 � g=g0ð Þ

1þ 0:164 g=g0ð Þ5=3
� �
2
4

3
5 (10)

The reference and root mean square turbulence intensity are denoted using wr and w2 expressed by
Eqs. (11) and (12).

wr ¼ 0:2 � 2:18 � Vwh
�0:353

	 
1=ð1:185�0:193 log hÞ
(11)

w2 ¼ w2
r � h � wr= Vw � R � wr � 0:014 � w2

r

� �� �	 
�2=3
(12)

To predict the root mean square sound pressure in the far field from the wind turbine blade, this method
uses the expression for acoustic pressure formulated by Curle [24] and given by Eq. (13).

p2
�� �� ¼ K1ðf Þ � B � sin2f � q2cRw2U4=ðr20 � c20Þ (13)

where K1 (f) is the frequency-dependent scaling factor to model the dipole point source located at the hub
height of the wind turbine rotor. B is the number of blades, R is the rotor blade radius, U is the free
stream velocity, m/s, c is the chord length, r0, c0 are the effective distance between the source (blade
segment) and receiver (microphone) and speed of sound, ρ is the air density in kg/m3, f is the directional
projection of azimuth reference angle between source and receiver in rotor plane, p2 is the root mean
square pressure, h is the height above ground, Vw is the relative wind velocity on blade, η and η0 are the
reduced and reference to reduced order frequency considered at given height above ground. The
logarithmic sound pressure is then evaluated using rms sound pressure given by Eq. (14).

SPL1=3 ¼ 10:log10
p

pref

� �2

(14)

where pref is the reference sound pressure for air, ~ 20 μPa.

2.4 Modified Rapid Distortion Theory (RDT)
To understand sudden changes to turbulence characteristics in a flow field, the rapid distortion theory

(RDT) method developed by Hunt [25] provides insight into turbulence velocity field and pressure
fluctuations in homogeneous isotropic incompressible flows. It essentially uses a wavenumber analysis to
calculate the surface pressure fluctuation under homogeneous isotropic turbulence conditions. These
perturbations can change rapidly over definite time scales relative to the mean velocity field and can
influence the size of eddy formation in a flow field. These eddies contain turbulent kinetic energy that can
extract energy from the mean flow field in a cascaded manner which varies with time and eventually gets
dissipated. According to Goldstein et al. [26], the rapid distortion theory method takes into account of
following assumptions:

� The nominal turbulence intensity in the atmosphere must be weak relative to normalized local
turbulence values in a flow field.
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� Reynolds number for the impinging turbulent flow and the length scales in turbulent flows must be
higher compared to mean flow velocity.

� The time scales for flow distortion to occur must be significantly lower compared to the time scales of
local turbulence within the boundary layer and also depend on the characteristic dimensions of the
source.

In incompressible flows, the pressure fluctuations in the local flow field characterize the extent of
turbulence which significantly affects leading edge noise and varies according to chord Reynolds
number. Earlier studies by Moreau et al. [4], dos Santos et al. [27,28] indicated that the flow angle of
attack is a critical parameter that affects the boundary layer properties. They conducted experiments
and numerical simulations to study the properties of turbulence impingement and its interaction near
the leading edge of the airfoil which is responsible for noise production. Further, these studies were
conducted for different thin and thick airfoil geometry configurations which include thickness to chord
ratio, and camber to predict the far field noise radiation and were based on Amiets method [4,27–29].
As regards the Amiet method, it was inaccurate in predicting the leading edge noise at high frequencies
when validated with experiment data because of the small thickness assumption inherent in the method
since it disregards the velocity fluctuations for specific wave numbers in turbulence energy spectra. An
improved method was developed for the turbulent velocity spectrum which takes account of velocity
perturbations at the leading edge of the boundary layer on the airfoils, even at higher wave numbers to
predict turbulence interaction noise in a better manner. Consequently, Faria et al. [21] extended this
approach and experimented with a flat plate, thin airfoils from the NACA series with sharp trailing
edges. The length scale proposed by Hunt [25], and Christophe [30] was adopted to examine its
influence on local turbulence properties which led to an improved rapidly distorted turbulent energy
spectra, fww for velocity field as given by Eq. (15).

fww kx; ky
� � ¼ 91

36p
u2

k2e

kx=keð Þ2þ ky=ke
� �2

1þ kx=keð Þ2þ ky=ke
� �2� �19=6 (15)

The above Eq. (15) for turbulent velocity energy spectra was substituted in the modified turbulent inflow
noise method initially proposed by standard Lowson method for sound pressure given by Eq. (9). The
equation for sound pressure derived by Faria et al. [21] produced a change in empirical constant from
78.4 to 89.95 and given by Eq. (16).

SPL1=3 ¼ 10 � log10
q2c2lL
2r2e

M3U2I2
kx=keð Þ3

1þ ðkx=keÞ2
� �19=6DL

0
B@

1
CAþ 85:95 (16)

kx and ky are the turbulence wave numbers of velocity fluctuations along blade chord and span directions.
ke is the turbulence wave number corresponding to energy containing turbulent eddies in velocity spectra. u2

is the rms value of turbulent velocity fluctuations. The rest of notations assume the same definitions and
remain the same as described earlier in Section 2.1.

3 Computational Setup

In the present study, the simulation setup for predicting sound pressure from wind turbine blades consists
of two solvers. One flow solver uses the blade element momentum (BEM) method to compute the local
relative velocity field along the blade span. The important outputs of the BEM solver include flow angle
of attack, induction factors, and local flow velocity as well as aerodynamic loads on individual blade
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sections. These are coupled to an acoustic solver which uses the acoustic equations of four different turbulent
inflow noise methods described in Section 2 as well as from Brooks et al. [8] method for trailing edge noise
prediction to compute, sound pressure level at a given wind speed. Fig. 1a demonstrates the flow chart for the
simulation setup adopted for predicting aerodynamic noise from wind turbine blades. It must be noted that
secondary outputs from the BEM solver can be used to evaluate structural loads on turbine components.
Fig. 1b illustrates the input process variables used in semi-empirical methods for predicting the
aerodynamic noise. The flow chart also illustrates the dependence of parameters involved in methods for
analysing the trailing edge and leading edge noise. The BEM approach considers the entire blade span
into a series of aerofoils preferably at least 20 segments and modelled as a distributed point source in the
noise simulation. Flow over aerofoils is assumed as 2D incompressible and quasi uniform along the blade
span length. The limits for boundary layer parameters viz. boundary layer thickness, displacement
thickness was obtained from XFOIL program which includes a wide range of values for flow angle of
attack and Reynolds number [31]. They are approximated using interpolation functions on the pressure
and suction sides of selected aerofoils, viz. NACA 0012, NACA 6320, and NACA 63215, respectively.
The interpolation and amplitude functions are given by using the Eqs. (35) to (50) given in Brooks et al.
[8]. Further, to approximate the data computed between each segment along the whole blade span, a
linear interpolation technique is used and given from Eqs. (6.25) to (6.27) given in Hansen [32]. This
boundary layer data of aerofoils serves as input for the noise solver to evaluate the acoustic equations in
each case. In the present simulation work for a 2 MW wind turbine, the flow Reynolds number varies up
to 4 million.

Fig. 2a shows the illustration of the aerodynamic self-noise mechanism from wind turbine blades and
turbulent inflow noise perceived by an observer in a far field. The sound pressure level is thus calculated
by logarithmic addition of individual sources iteratively relative to the observer position. The receiver
height was assumed to be fixed at ~1.5 m and the source height at 80 m above ground. The distance of
the receiver location was set at 120 m, which is approximately the total turbine height (HH + D/2). The
noise calculation assumes a tower diameter of 4 m and blade span length of ~38 m with a maximum
chord length and blade twist of ~3.2 m and 12°. According to IEC 61400-11 regulations for
measurements of acoustic emissions from wind turbines, this criterion is important for consistent
measurement of sound pressure level from a given source at any given hub height (HH) of turbine and
rotor diameter, D. Acoustic pressure waves that radiate from a source are likely to propagate in farther
distances and subjected to attenuation. However, for assessing noise in the near field, the geometric
divergence is more important and has been considered in the analysis. The simulations for turbulent
inflow and trailing edge noise were implemented in MATLAB R2022b software.

According to Moriarty et al. [5], Oerlemans [7], Amiet [11], van den Berg [14], peak noise levels are
recorded when the microphone receiver is in downwind of the rotor. For the downwind of the rotor plane,
the receiver location appears as shown in Fig. 2b where maximum noise radiation occurs during the
downward direction of blade movement. Hence this condition is taken into account in the present study.
The dynamic parameters for the turbine such as the rotor rotations per minute (RPM) are set at 17 RPM.
To compute the standard error for sound power predicted from methods, noise data is generated using
5 iterative simulations each at different turbulence intensities keeping other factors constant. Further, in
validation of the simulated results, the experiment noise data for SWT-2.3MW 93 m turbine has been
considered. Even though A-weighting and equivalent scales are used for measuring outdoor noise levels
from wind turbines, however, for leading edge noise direct noise measurements without a weighting filter
can be considered. In the present study, measured data in un-weighted form was taken to validate the
computed noise data.
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Figure 1: (a) Illustration of computational setup implemented for noise prediction (b) Flow chart for input
process variables used in semi-empirical methods for predicting the leading edge and trailing edge noise
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4 Results and Discussion

For wind turbines, low-frequency broadband noise is an important source that occurs from the trailing edge
of the blade surface and is often perceived as a “swish” phenomenon. One of the reasons for this phenomenon is
attributed to the edge scattering of pressure waves and subsequent amplitude modulation at blade passing
frequencies in the far field. The interaction of turbulent flows over the trailing edge of the blade surface can
generate noise very well which becomes dominant in high frequencies. On the other hand, turbulent inflow

(a)

(b)

Figure 2: (a) Sketch of airfoil self-noise and turbulent inflow mechanisms from a wind turbine rotor (b)
Illustration of microphone (downwind) position surrounding the source located in the center as well as
the microphone measurement distances and position according to IEC 61400-11 standards concerning the
source

142 SV, 2024, vol.58



noise results when pressure waves within the boundary layer undergo scattering in response to the turbulent
inflows that move past the leading edge of rotating blades. For downwind turbines, the turbulent inflows
can also produce an impulse type of noise which is often heard as a loud “thump” in the far field and
caused due to transient aerodynamic blade loading in the rotor plane. The impulsive sound is cyclical and
can be attributed to blade, and tower-wake interactions as well as inflow velocity gradients in the rotor
plane. However, in this section, we discuss the computational results obtained from the quasi-empirical
methods developed for analyzing turbulent inflow noise mechanisms as described in Section 2.

To assess sound power produced by the candidate turbine used in the study all the inflow noise methods
were simulated at a wind speed of 12 m/s and turbulence intensity of 10%. These values for turbulence intensity
and wind speed lie within a moderate range which is typically experienced for common wind turbine
applications. It can be observed from Fig. 3 that the sound power, Lw as predicted using Grosveld method
was found to reach a peak value of 112 dB at low frequencies, f below 100 Hz and continued to decrease
with increasing frequencies. The Lw values agreed closely with Moriarty et al. [5], standard Lowson and
modified rapid distortion theory (RDT) methods that vary within 4 dB. The slope of the line for sound
power predicted by Grosveld method also showed a linear downward trend at all frequencies in the spectra.
It must be noted that for frequencies, f above 100 Hz the acoustic power predicted from the Grosveld
method showed a constant difference of 4–5 dB relative to Moriatty & Migliore, Lowson methods and
significant difference up to 20 dB concerning modified rapid distortion theory. Also, the sound power
predicted by the modified rapid distortion theory (RDT) method agreed much better with experiment data of
turbine, i.e., Siemens SWT-2.3MW 93 in the low-frequency region. This shows that the modified RDT
method does not overestimate the inflow noise, unlike the remaining methods which tend to predict the
sound power values higher by ~15 to 20 dB in the mid-band to high frequency region. To some extent, this
disagreement is caused because the turbulent velocity spectra for Moriarty & Migliore and modified RDT
methods were based on the standard Lowson method that was not implemented in the Grosveld method.
The experiment noise data shows a jump near f~1 kHz which is caused due to the trailing edge noise from
the blade. This can be explained well in Fig. 4 which demonstrates the combined turbulent inflow noise and
trailing edge noise computed for the 2 MW turbine model in the present study. The trailing edge noise was
computed using the Brooks et al. [8] method which was originally developed for predicting the self-noise
from airfoils. For the 2 MW wind turbine model, the trailing edge noise was computed by using the
interpolation functions explained by Eqs. (35) to (50) given in Brooks et al. [8] as mentioned in Section 3.

Figure 3: Comparison of the turbulent inflow noise predicted from the Grosveld, Moriarty, Lowson, and
modified rapid distortion theory (RDT) methods at a mean wind speed of 12 m/s at turbulence intensity
of 10% and validated with experiment data of Siemens SWT-2.3MW 93 model operating at 14.5 RPM
and available from [33]
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It is apparent from Fig. 4 that turbulent inflow noise shows dominance in the low-frequency region of the
spectra, 20 Hz < f < 250 Hz for all values of turbulence intensities. However, with an increase in frequency,
the sound power continued to increase and showed two broadband humps initially near f~800 Hz and later at
f~1 kHz. As mentioned earlier, turbulence intensity has a significant influence on leading edge noise
production from wind turbine blades. Hence, this effect was studied by varying the turbulent intensity for
a range of 6% to 14%. As wind turbine blades are composed of airfoils with varying chord lengths and
twist angles, the noise radiated from the suction and pressure sides of airfoils vary according to flow
conditions. The acoustic equations in Brooks et al. [8] method for predicting sound pressure are modeled
using spectral shape functions for pressure and suction sides of airfoils. To a large extent, the properties
of these shape functions for a given 1/3rd octave frequency are dependent on the flow angle of attack,
local flow velocity, and boundary layer properties, e.g., boundary layer displacement thickness and flow
Reynolds number. For a given flow angle of attack, the boundary layer thickness continuously grows in
thickness along the chord line, and for high or stall angles of attack, the boundary layer separates along
its chord line. The boundary layer flow separation can occur from both the suction and pressure sides of
the trailing edge and depend strongly on the flow angle of attack. Complete boundary layer flow
separation usually occurs from the suction side for large positive angles of attack but for negative angles
of attack, the flow can also separate from the pressure side of the airfoil and under these conditions the
noise radiation is depicted as closely spaced humps near mid band to high frequencies in noise spectra.
Further from Fig. 4 at turbulence intensity of 6%, the noise level varied from 100 dB at f~20 Hz and
reached 93 dB for f~200 Hz, however for turbulence intensity values greater than 10% it was found to
vary up to 106, and 97 dB, respectively. This shows a change of ~9 to 10 dB that can be observed in the
low-frequency region while in the mid band to high frequencies the turbulent boundary layer trailing
edge noise (TBL-TEN) dominates over turbulent inflow noise. Further, the trailing edge noise source
shows the same pattern in sound spectra with insignificant changes in sound power values for high
frequencies, i.e., frequencies between f > 1 kHz and f < 4 kHz, regardless of change in turbulent intensity
levels. However, for f > 4 kHz the trailing edge noise still shows considerable change in its amplitude
with an increase in turbulence intensity. Hence, for subsonic turbulent flows, low-frequency broadband
noise is an important phenomenon from wind turbine blades that are affected by boundary layer
turbulence properties and turbulence velocity spectra characteristics [34,35].

Figure 4: Combined sound power level from turbulent inflow and trailing edge noise (Brooks et al. [8])
computed for turbulence intensities of 6%, 8 %, 10%, and 12% at a mean wind speed of 10 m/s
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Fig. 5 demonstrates the change in sound pressure with measured turbulence intensity. The experiment
data points for sound pressure at different turbulent intensity values viz. between 10% and 25% have been
obtained from Buck et al. [36] and show an exponentially increasing trend with a change of 10 dB. The
turbulence intensity values measured in their experiment campaign were obtained at a wind farm location
to check the influence of turbulence intensity on the measured sound pressure and to validate the
experiment noise data from wind turbines that do not exceed the local emissions limits. It must be noted
that the turbulence intensity values measured during day or night time, will also influence the measured
sound pressure. According to Pedersen et al. [2], Amiet et al. [11], van den Berg [14], Makarewicz et al.
[19], Bowdler [20] measured apparent sound pressure level is strongly influenced by local turbulence
intensity and the noise exposure perceived by inhabitants near a wind farm are highly subjective. During
day time, the perceived noise limits ranged between 35–40 dB and background noises often masked the
source noise radiation from wind farms, however, during evening and night times, the apparent sound
pressure levels were found higher by 5–10 dB compared to day time limits. To a large extent, this
increase can be attributed to temperature gradients in the atmosphere which affect the velocity profiles in
the boundary layer and subsequently influence the turbulence intensity during day, evening, and night
times. However, uncertainties in sound pressure can also be caused by the wind flow-induced noise
measured by microphones which can increase the amplitude of low-frequency noise. Furthermore, in the
present study, a logarithmic distribution for data was used for fitting the measured turbulence intensity
data points given by Eq. (17) to estimate sound pressure level and involves two coefficients A and B.

SPL ¼ A:log10 TIð Þ þ B (17)

where A, and B are constants defined as 6 and 8 for the present study and TI is the turbulence intensity. It must
be noted that the sound pressure varies with measured turbulence intensity in relation p2 α TI2 which implies
a ~6 dB increase in turbulent inflow noise when turbulence intensity is doubled. However, it must be noted
that deviations between measured and log-fitted sound pressure levels could be possibly caused due to spatial
sampling errors in the measurement of turbulence intensity and influence the sound pressure level. Thus, the
results of the present data fit agreed well with experiment noise data conducted as part of survey research
studies on perceived noise.

Figure 5: Comparison of log-fitted sound pressure as a function of turbulence intensity computed using Eq.
(17) with experiment data from Buck et al. [36]
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It is well known that to assess the uncertainties of turbulence properties, advanced experimental methods
such as hot wire anemometry (HWA), particle image velocimetry (PIV), and laser Doppler velocimetry
measurement techniques (LDV) can be used for flow field measurements which can measure velocity
perturbations more accurately. However, simulating unsteady turbulent flows at different time scales and
acoustic fields using computational fluid dynamics (CFD) based methods such as URANS, DNS or LES
is a complex task which requires high computational cost and hence has not been considered in this study
[37–40].

For wind turbine noise prediction the effect of flow angle of attack can significantly influence the extent
of boundary layer flow separation on blades and consequently the boundary layer properties, e.g., thickness,
displacement thickness values. At low to moderate flow angles of attack, the boundary layer flow will remain
attached along the chord line of the blade and produce lesser turbulence for which the noise radiation occurs
predominantly closer to the trailing edge. However, at very high or stall angles of attack, airfoils experience a
dynamic stall phenomenon for which the boundary layer separates completely along the chord line of the
blade surface due to adverse pressure gradients within the boundary layer. This phenomenon tends to
increase the trailing edge noise up to 15 dB at mid band frequencies. It can be noted that for leading edge
noise the incoming turbulence intensity seen by blades is more significant than other parameters of the
inflow noise methods described earlier. Also, length scales can give information about the formation and
size of incoming eddies in a flow field. These eddies contain varying levels of turbulent kinetic energy
which ultimately undergoes viscous dissipation at smaller length scales in flow field. Thus, the impact of
turbulence properties is essential and through empirical formulations it can readily be used to estimate the
inflow of turbulent noise from wind turbine blades.

Fig. 6a demonstrates the normal turbulence intensity (TI) at different mean wind speeds using IEC
61400-1 design code for three reference turbulence classes, Class A, Class B, and Class C computed
using Eq. (11) given in [41]. At a given height above ground, the wind conditions usually include mean
flow velocity combined with fluctuating velocity components that is responsible for turbulence
characteristics at a site. As mentioned earlier, the representative normal turbulence values for three
reference classes at a given site according to the IEC 61400-1 design code are equivalent to 16%, 14%,
and 12%, respectively. It can be seen that with an increase in mean wind speeds up to 10 m/s, the
turbulence intensity reduces exponentially but they reach steady values at high wind speeds. Similarly,
Fig. 6b shows the standard deviation of turbulent velocity obtained for the same three reference
turbulence classes using Eq. (11) given in [41]. In contrast to turbulence intensity, the standard deviation
of turbulent velocity increased linearly with an increase in mean wind speed for all reference site
turbulence classes.

The sound power, Lw for turbulent inflow noise computed by all four methods shows the relative
difference in the low-frequency region of spectra and at different turbulent intensities. For this reason, the
standard error for sound power, Lw has been evaluated. Table 1 shows that the standard error for Lw in
the frequency range, 20 Hz < f < 315 Hz is reduced with increasing values of turbulence intensity at a
mean wind speed of 10 m/s. This suggests that all four methods predict similar error trends. Also, for a
given turbulence intensity, with an increase in frequency, the standard error for noise decreased by at least
0.5 dB up to f~80 Hz after which the error increased continuously and varied by ~2 dB. The maximum
standard error of 3 dB was found at f~315 Hz at a low turbulence intensity of 6%. This can be caused
due to uncertainties in model input parameters which have a significant effect on turbulent inflow noise at
low frequencies. However, at high frequencies, these model uncertainties diminish and have a negligible
effect on the leading edge noise. As mentioned earlier, the sound pressure level is affected by mean wind
speed at hub height and turbulence intensity hence a contour plot that depicts the change in sound
pressure is also illustrated in Fig. 7. It can be seen from Fig. 7 that with an increase in mean wind speed
and turbulence intensity, the sound pressure is found to increase in a nonlinear manner and ranges
between 50 to ~70 dB.

146 SV, 2024, vol.58



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30

T
ub

ul
en

ce
 in

te
ns

ity
 [

-]

Mean wind speed [m/s]

IEC Class A

IEC Class B

IEC Class C

(a)

0

1

2

3

4

5

0 5 10 15 20 25 30

St
an

da
rd

 d
ev

ia
tio

n 
[-

]

Mean wind speed [m/s]

IEC Class A

IEC Class B

IEC Class C

(b)

Figure 6: (a) Comparison of IEC turbulence classes for different mean wind speeds at normal turbulence
levels (NTM) (b) Representative standard deviation of longitudinal turbulent wind speed component, for
three IEC turbulence classes at different mean wind speeds (m/s)

Table 1: Comparison of standard error in sound power level, Lw predicted at different turbulent intensities
for a mean wind speed of 10 m/s

Turbulence intensity (%) 1/3rd octave frequency (Hz)

20 31.5 63 80 125 160 200 250 315

6 2.353 1.712 1.287 1.356 1.76 2.081 2.405 2.748 3.116

8 1.876 1.241 0.789 0.895 1.391 1.748 2.094 2.453 2.833

10 1.545 0.944 0.501 0.654 1.21 1.579 1.931 2.293 2.674

12 1.319 0.8 0.476 0.632 1.165 1.522 1.863 2.217 2.59

14 1.178 0.789 0.634 0.756 1.209 1.536 1.858 2.195 2.557
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Hence, to summarize, the turbulent inflow noise contributes significantly to the aerodynamic noise
signature of wind turbines and is affected by mean flow velocity, and turbulence velocity energy spectra
as well as the turbulence intensity factors.

5 Conclusions

The present study investigated the effects of turbulence intensity, and mean wind speed on turbulent
inflow noise from wind turbine blades using four different semi-empirical methods. With increasing
values of turbulence intensity and mean wind speed, the aerodynamic noise was found to increase in the
low-frequency part of noise spectra and the predicted values from each method exhibited good agreement
with experiment data. According to various methods, it has been observed that leading edge noise
decreases linearly with different slopes for increasing frequencies. The noise remains dominant in the
low-frequency region of the noise spectra, regardless of any changes in mean wind speed and turbulence
intensity. The comparison for turbulent inflow noise data computed using each method also shows that
the maximum standard error for sound power is ~3 dB found at 315 Hz in sound spectra for a turbulence
intensity of 6%. The modified rapid distortion turbulence method predicted the sound power more
accurately in low-frequency regions where the leading edge noise is dominant but showed a disagreement
of ~20 dB compared to the remaining methods for mid-band to high frequencies. Thus, the prediction of
the leading edge noise from wind turbine blades is highly dependent on turbulence intensity, and
turbulent velocity energy spectra characteristics considered for each method.
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