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ABSTRACT
The study of wind turbine noise and its impact is of growing importance with the increase in the
demand for green and clean energy. As it is known that wind turbine noise can be a cause of
annoyance in the vicinity of wind farms it is beneficial to predict accurately the generated noise in the
design phase itself. A crucial step is the validation of prediction models against field measurements.
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This article presents a wind turbine noise prediction model that combines Amiet’s theory to calculate
trailing edge noise and turbulence interaction noise in free field with a wide-angle parabolic
equation valid in moving media to account for the long-range acoustic propagation effects. The
model considers the wind turbine as an extended noise source and the rotation effects (such as the
convective amplification and Doppler effect) are taken into account. The predicted noise levels
are compared to those obtained from a measurement campaign where acoustic, meteorological
and ground impedance data have been recorded simultaneously. First, the sound source model is
validated close to the wind turbines for different wind speeds and directions. Then, noise predictions
are compared to Sound Pressure Level measurements at various distances from the sound source,
between 350 and 1300 meters.

1. INTRODUCTION

Wind turbine noise impact is one of the main concern that can reduce productivity of wind farms
and hence hinders the development of this type of green energy. This leads to the necessity for
developing a reliable noise prediction model which is capable of estimating the noise of a wind farm
in the design phase itself and correspondingly adapt for desired changes. Various wind turbine noise
source models proposed in the literature considers the main sound sources namely turbulent inflow
noise (TIN) and trailing edge noise (TEN) [1–3]. The model used in this study is developed on the
basis of the one described by Tian and Cotté [2].

To have an understanding of the limits of the wind turbine noise model, simulation results are
compared to the field measurements collected in the framework of the PIBE project [4, 5]. In order
to isolate the influence of the source, the comparison is done at a reference location defined by the
standard IEC 61400-11 (IEC point). The article first describes briefly the experimental campaign and
the obtained data [6]. The wind turbine noise model which is based on Amiet’s theory for TIN and
TEN is then explained and the comparison of the model and the field measurements is shown for a
few representative cases.

2. EXPERIMENTAL CAMPAIGN
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Figure 1: Site map of the studied wind farm (left) and the focused map of the studied wind turbine
WT1 (right).

The wind farm is composed of eight 3MW wind turbines of rotor diameter 90m and hub height 80m.
The period of intensive observation of the campaign on this wind farm was carried out for 10 days
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from 23-06-2020 to 02-07-2020. For this time interval, acoustic data were recorded at the IEC point
for two points (S3 and S4) at a distance of 125m from the base of the wind turbine WT1 (Fig. 1).
To reduce the influence of the wind-induced noise on the microphone, two wind screens were used
(9cm and 50cm diameter) in accordance with IEC 61400-11 recommendations. The relevant acoustic
data of the third octave bands measured in 10-minute intervals at S3 and S4 were used to compare
with the wind turbine noise predicted by the model. The IEC point S3 was at an angle of 26◦ and
S4 at an angle of -171◦ relative to the North direction. The LIDAR located near the meteorological
mast at a distance of 2.3km away from WT1 simultaneously recorded the data for the wind speed,
wind direction, rain, temperature and humidity for heights ranging from 10m to 185m including 85m.
The recorded wind direction was found to be majorly between 60◦ and 120◦ and between -150◦ and
-60◦ as can be seen in Fig. 2. A 3D-sonic anemometer placed 80m high on the meteorological mast
gave information on the turbulence of the atmosphere at the hub height. The functional data of the
wind turbines provided the information of the RPM simultaneously. Since the IEC point is on the
ground and relatively close to the wind turbine, the influence of the ground and propagation medium
is minimized.

Figure 2: The distribution of the wind speed with respect to the wind direction relative to the north
direction over 10 days per 10-min intervals, recorded by the LIDAR at the height of 85m.

3. WIND TURBINE NOISE MODEL

The wind turbine noise model developed by Tian and Cotté [2] predicts the trailing edge noise (TEN)
and turbulent inflow noise (TIN) generated by a segmented wind turbine blade based on Amiet’s
theory. For the TEN, the power spectral density (PSD) observed in the far-field for an airfoil with
large span L to chord c aspect ratio (L > 3c), is given by [7, 8]:

S pp
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where Φpp is the wall pressure fluctuation spectrum (WPS), ly is the spanwise correlation length
estimated by the Corcos model and LT E is the transfer function for TEN. In Ref. [2], the wall
pressure fluctuation spectrum Φpp is calculated using Goody’s model [9] for the pressure side and
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Rozenberg’s model [10] for the suction side of the airfoil. Lee developed a new empirical model based
on Rozenberg’s model that handles flows with higher adverse pressure gradients [11, 12]. Hence the
prediction of the trailing edge noise is now used with Goody’s model for the pressure side and Lee’s
model for the suction side of the airfoil.

In the case of the TIN, the radiated acoustic pressure power (PSD) of a large-aspect-ratio airfoil is
given by [8, 13],

S TIN
pp (x, ω) =

(
ρ0ωcz
2c0S 2

0
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πU0
L
2
Φww(k1, k2)|LTI(x, k1, k2)|2, (2)

where Φww is the 2D energy spectrum of the vertical velocity fluctuations, and LTI is the
aeroacoustic transfer function. In Ref. [2], the von Karman spectrum Φww for homogeneous and
isotropic turbulence [13] is used which is based on the velocity fluctuation and the turbulence integral
length scale. Using the relation given by Buck et al. (Eq. 7 in [14]) the von Karman spectrum Φww

reduces to the Kolmogorov spectrum in the inertial range as,
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where A = 1.65 is a universal constant, Γ is the Gamma function, k1 and k2 are the turbulent
wavenumbers in chordwise and the spanwise direction and ϵ is the turbulence dissipation rate.
The integral length scale which is computed from the sonic anemometer measurements requires
considerably longer time signal in comparison to the turbulence dissipation rate ϵ. The von Karman
spectrum that is dependent on the two parameters of which one is difficult to estimate from sonic
anemometer data, is thus replaced by a Kolmogorov spectrum that is dependent on only one
parameter and can be easily linked to the field measurements [15]. The change in the turbulence
spectra only influences in the far-field Sound Pressure Level (SPL) at frequencies below 1Hz. As
the SPL of the TIN is directly proportional to logarithmic of the PSD (eq.2) that is dependent on ϵ
(eq.3), the relation of SPL ∝ 6.67 log10 ϵ (dB) hold true. This shows that for an increase in one order
of magnitude of ϵ, the predicted SPL is changed by approximately 6.67 dB.

Table 1: Different case studies of the wind speed and wind direction bins. The wind speed and wind
direction columns shows the minimum and maximum value of the selected bin and the ϵ and RPM
columns show the extremities observed within the respective bin.

Case τ (deg) Wind speed (m/s) ϵ (m2/s3) x10−3 RPM No. of samples

1 a -25, -15 7, 8 2.4, 4.5 12.4, 14.9 9

1 b -25, -15 8, 9 2.9, 4.7 13.1, 15.7 9

2 a 135, 145 6, 7 1.8, 3.1 10.9, 14 11

2 b 135, 145 8, 9 2.4, 6.0 13.1, 15.7 14

3 a 95, 105 7, 8 3.9, 7.6 11.1, 15.5 30

3 b 95, 105 9, 11 4.3, 12.0 13.4, 14.8 12
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4. COMPARISON OF THE MODEL AGAINST FIELD MEASUREMENTS

The data is sorted by wind speed and wind direction bins and the noise prediction is done within the
limits of these bins for individual cases. Table 1 summarizes a few cases studies and Fig. 3 to 5 shows
the corresponding comparison between the model and the field measurements. From Fig. 3 to 5, the
error bars show the standard deviation of the field measurements. The lower curve and upper curve
of the shaded area shows the prediction made with the lowest and highest values of the wind speed, ϵ
and RPM observed within the respective bin correspondingly.

Figure 3: Comparison between the prediction model and the field measurements for the receiver
orientation τ=-20±5° and the wind speed bin [7,8]m/s on the left and the wind speed bin [8,9]m/s on
the right.

Figure 4: Comparison between the prediction model and the field measurements for the receiver
orientation τ=140±5° and the wind speed bin [6,7]m/s on the left and the wind speed bin [8,9]m/s on
the right.

From the different cases, it can be seen that the noise prediction model is fairly close to the field
measurements. The extremities of the predictions lie within the error of the standard deviation. The
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Figure 5: Comparison between the prediction model and the field measurements for the receiver
orientation τ=100±5° and the wind speed bin [7,8]m/s on the left and the wind speed bin [9,11]m/s
on the right.

frequencies near and above 10 kHz are considered as background noise. The TIN that dominates the
lower frequencies is seen to be under-predicted in certain cases because the turbulence dissipation rate
is not accurately calculated for the corresponding bin. However, the prominence of the TIN or the
TEN at certain orientations of the receiver is well captured by the model. Some peaks around 100Hz
and between 2 and 6kHz that are not well predicted may be due to not accounting for certain noise
mechanisms such as blade-tower interaction, tip noise etc. The increase in the SPL with the increase
in the wind speed is captured by the model which is evident within each case.

5. CONCLUSION

The comparison of the noise model with experimental results shows that the prediction of the
individual mechanisms of TIN and TEN are close to the field measurements. The peaks around
100 Hz and 4 kHz are not well predicted which is a limitation of the model. As a perspective, the
influence of the noise from the neighbouring wind turbine can also be accounted for better prediction
at the IEC point S3. For the prediction of the turbulent inflow noise the important parameter of the
turbulence dissipation rate needs to be estimated correctly. On the basis of the turbulence dissipation
rate a more accurate prediction can be done for the noise at the IEC point.

Overall, the noise model developed is validated against field measurements and appears to be
reasonably good in predicting the third octave band spectra for the turbulent inflow noise and the
trailing edge noise. The model can be further developed and used for wind turbine noise studies to
predict accurately the soundscape in the vicinity of a wind turbine in operation. As the model itself
is physics-based, many practical parameters can be adapted to the desired design of the wind turbine
such as the geometry and the blade profile etc. This can be readily extended to estimate the noise
levels of the enitre wind farm.

At the conference the comparisons will be presented for long range points that includes the
propagation effects with the help of a parabolic equation code in a moving medium [16] along with
the effect of the wind shear, as estimated using the LIDAR. The effect of the ground characteristics
on the prediction of the noise will also be discussed with the ground acoustic impedance being
estimated using an original method [17].
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