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Abstract

A numerical study was conducted to model the amplitude modulation of the
aerodynamic noise from a generic 2.5MW wind turbine. In order to focus on the time-
varying characteristics of the wind turbine noise, the aerodynamic noise from the
wind turbine is predicted in the time domain. In the present study, the rotor blades
are modeled as the combination of a thin rectangular flat plate, and assumed to be
moving at zero angle of attack. Since trailing edge noise is known to be the dominant
source of the wind turbine noise, the noise prediction only includes this noise source.
The acoustic pressure radiated from the blade surface is calculated by using the
loading term of Formulation 1A of Farassat. An unsteady surface pressure
distribution is analytically derived from the model proposed by Amiet. Validation of
the numerical prediction model is also carried out by comparing with an experimental
study. By using these numerical methods, the sound pressure level and the
modulation depth of wind turbine noise are successfully predicted in this study.

Introduction

Noise from a modern upwind wind turbine is generally lower than that from other
environmental noise sources. For a generic 2 MW wind turbine, the A-weighted

sound pressure level is about 35~ 45 dBA at a distance of 400m from the wind

turbine [1]. However, because of its amplitude modulation characteristic, in some
circumstance, wind turbine noise is heard even far away from the turbines [2, 3].

Several possible mechanisms for this amplitude modulation were proposed such as
noise directivity, excessive wind shear, and blade-tower interaction. However, the
cause of the amplitude modulation is still not clearly revealed. Thus, more intensive
studies are being required regarding the prediction of the amplitude modulation in
wind turbine noise.

Several studies [4, 5] have predicted the amplitude modulation by using the semi-
empirical model proposed by Brooks, Pope, and Marcolini [6]. This semi-empirical
model provides 1/3 octave band spectra of airfoil self-noise, and it gives good results
for predicting the overall sound pressure level and the frequency spectrum of wind
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turbine noise [7]. However, it is questionable whether the semi-empirical model is
acceptable to calculate the amplitude modulation of wind turbine noise. To predict
the amplitude modulation, the temporal variation of wind turbine noise should be
predicted properly. However, the semi-empirical model can only predict airfoil self-
noise in frequency domain. Moreover, the semi-empirical model uses an inaccurate
directivity function for predicting the amplitude modulation. This model employs a
cardioid-type directivity function, based on the assumption that the noise is produced
from a semi-infinite plate. Although this assumption is reasonable for high frequency
component of airfoil self-noise, the cardioid pattern becomes inaccurate as the
frequency decreases.

In the present study, in order to model the amplitude modulation of wind turbine
noise properly, time-domain modeling of the aerodynamic noise from a wind turbine
is carried out. Since turbulent-boundary-layer trailing edge noise is known to be the
main source of the wind turbine noise [8], the modeling in this study only includes this
noise source. A trailing edge noise model proposed by Amiet [9, 10] is used to model
the unsteady surface pressure of a rectangular flat-plate. Far field noise is calculated
by using the loading term of Formulation 1A of Farassat [18]. This model is extended
to rotor blades based on a strip theory approach. Validation of the numerical
prediction model is also carried out with the experimental data of Brooks, Pope, and
Marcolini [6].

Trailing edge noise model

In order to predict trailing edge noise in the time domain, unsteady surface pressure
should be obtained experimentally or numerically. However, it is difficult to measure
or predict the unsteady pressure on wind turbine blade surface. Thus, in the present
work, a simplified analytic model proposed by Amiet [9, 10] is used to obtain the
unsteady surface pressure. This model is based on thin airfoil theory, and it provides
chordwise unsteady pressure distribution for a flat-plate at zero angle of attack. Even
though the airfoil is modelled as a flat-plate, this model also gives reasonable results
for a slender airfoil [11]. Since most aerodynamic noise is generated at the outboard
region, which is rather slender, it seems acceptable to use this model.
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Figure 1 Schematic for a flat-plate model problem
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According to this model, the surface pressure jump on the moving surface of a flat-
plate, such as Fig. 1, can be expressed as,

Ap(yl, y21t) _ J-ch-oo poefi{kc(YJ_*Uct)JrkyyZ}{eé‘kcyl _l+ (1+ i)E*[_yl(kc +ﬂM + é’)]}dkcdky (1)

where, k. : chordwise convective wave number (k. =w/U,)
k, : spanwise wave number

U, : convection velocity
M : Mach number
E'[] : complex conjugate of Fresnel integral

e*=% : exponential convergence factor
§ =\t —k; 1 p? u=Mal U L=+1-M?

Complex conjugate of Fresnel integral, E'[] can be numerically calculated as

described in Ref. [12]. Equation (1) is the sum of induced surface pressure jump and
incident surface pressure jump. The detail descriptions of this equation can be found
in Ref. [13].

In order to solve Eq. (1), it is necessary to integrate this equation along two wave
numbers. However, since the surface pressure spectrum in the boundary layer is the
strongest within the convective ridge centered on k. =@ /U, k, =0 [14], by

assuming that the surface pressure convects as a frozen pattern, it is possible to
simplify the equation into

Ap (1, ¥,.1) = ‘Ap(yl’ yz’t)|kc:w/uc,ky:o (2)

where U, is a constant convection velocity. The convection velocity is usually
U,~05U ~0.7U, and itis setto U, =0.6U in this study. Thus, Eq. (2) becomes

AP (Y, 1) = [ pog OV feton 14 (L I)E -y, k. + u(l+ M)}k, 3)

Next, the numerical integration of Eq. (3) is carried out by the method described in
Ref. [11]. Using this method, Eq. (3) is approximated by

AP(yut) = 4y, A o0 g 1 [y, a MY (@)
n=1

where, A =@, (k. ,,0)Ak,
¢, : independent random variables uniformly distributed on [0, 27]
@, : the wall pressure wavenumber-frequency spectrum
k. :the maximum wavenumber, Ak, =k, /N K,y =NAK,

For a frozen pressure pattern, the wavenumber-frequency spectrum, @ , can be
written as
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D, (k. @) =221 ()3, (,0) (5)
T

where | () is the spanwise correlation length, and S (@,0) is the wall point

pressure frequency spectrum. Several empirical formulas are exist for the spanwise
correlation length, | (@), but the formula based on the experimental data of Brooks

and Hodgson [15] is applied for this study, as shown in Eq. (6).

L) Ue [D=18 f<750Hs
N = e 1 b=06 otherwise

(6)

According to Ref. [16], for an airfoil the wall point pressure frequency spectrum,
Sop (aN), 0) can be empirically expressed as,

2\2 o
- S~
S30(@.0) =(p‘2’ ] 5,(@) 7)
1.732x10% @ ~ . 0.06
- (1-5.48900 +36.74@ +0.15050)
where, S,(w) = -
1.4216x103 0.06 < 5 < 20
(0.3261+ 41837+ 22.818%° +0.00130° +0.00280 )

The boundary layer displacement thickness, §* in Eq. (7) can be obtained by an
empirical formula for a flat plate [13] or NACAQ0012 airfoil [6]. However, in the present
study, it is numerically obtained by using the XFOIL [17].

Acoustic formulation

Formulation 1A of Farassat [18] is used to obtain the acoustic pressure due to the
unsteady surface pressure. Since thickness noise is negligible for the low Mach
number [19], only loading noise is calculated in this study. The loading term of
Formulation 1A is described as

~ 1 If | —IM.
Arp'(x,t)=— i | (s W% | (s
PO=g iira—wL +iir2<1—Mr>2L

10 2
+i |:Ir(rMiri +C0Mr COI\/I )j| dS
CO f=0 ret

r’g-m,)?

where, 1: unsteady surface pressure vector (T: R[-Ap,] ﬁ)
C,: speed of sound
f =0 : the surface of the plate

Fo%-y F=i/l-y] M =M -7
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[]1... denotes that the integration is evaluated at the retarded time. Using the equation

above, the acoustic pressure at the point x at time t can be calculated.

Validation case

Before rotor noise predictions, we first validate the numerical prediction method. The
validation is carried out by comparing the result of the experiment of Brooks, Pope,
and Marcolini [6]. They performed extensive experiments to measure the airfoil self-
noise from NACAO0012 airfoil models. The test case of interest here is the tripped
boundary layer case of the 2D sharp trailing edge model at zero angle of attack.
Since the model has sharp trailing edge and the angle of attack of the test cases is
zero, it can be regarded that the dominant source of the airfoil-self noise is trailing
edge noise. The span and the chord length of the airfoil model is s =0.4572m and

¢ =0.3048m, respectively. The inflow velocities of the validation case are 39.6, 55.5,
and 71.3m/s.

For the numerical prediction of the trailing edge noise, the airfoil is modelled as a flat-
plate grid which has the same span and chord length with the experiment model. The
rectangular surface grid is clustered near the trailing edge, whereas it is uniformly
applied in the spanwise direction. The longest chordwise grid is sufficiently small
enough to resolve the highest frequency (max. grid length < 4, /10 ). The maximum

frequency, f, of the acoustic prediction is set to f, =10,000Hz . The frequency

range is divided into 1,000 frequencies for the numerical integration. Consequently,
the bandwidth (or the lowest frequency) becomes Af = f, =10Hz . The calculation is

performed during one period of the lowest frequency. Figure 2 shows the predicted
acoustic pressure for an inflow velocity of 71.3m/s when the observation position is

at x=(0,0,1.22).

Predicted time domain signal at x = (0, 0, 1.22)
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Figure 2 Predicted time domain signal (V=71.3m/s)

Figure 3 demonstrates the comparisons of the 1/3 octave band spectra between the
experimental data and the prediction result. Except low frequency region, the sound
pressure levels of the numerical prediction agree well with that of the experimental
data (within +3dB ). However, the discrepancy is larger in the mid-to-low frequency
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range ( f <500Hz ). This is because the basic assumptions of the Amiet’'s model are
less appropriate for the low-frequency range.
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Figure 3 Comparison of 1/3 octave band spectrum

Moreover, the noise directivity of the model airfoil is investigated. First, the acoustic
pressure is predicted at each direction in the same way, and then the narrowband
spectrum is obtained by applying the fast Fourier transform. The directivity is
determined by the RMS value of the frequency spectrum. Figure 4 shows the polar
directivity in the mid-span plane for a frequency bands of 100Hz , 500Hz , 1000Hz ,
and 5000Hz . The thin curve represents the theoretical directivity function for a semi-
infinite flat-plate, while the light curves are the noise directivity for the model airfoil.
Each curve is normalized by its maximum value. The result is consistent with that of
previous studies [20].
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Figure 4 Polar directivity (@ -direction) in the mid-span plane
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Rotor noise prediction

The wind turbine model used here is a generic 2.5MW 3-blade wind turbine, which
has typical multi-MW wind turbine characteristics. This turbine is pitch regulated,
variable speed type with a rotor diameter of 93 m and a hub height of 82 m . It

reaches a maximum rotational speed of 15.4 RPM at a wind speed of 9 m/s, and its
rated power is 2.5MW at a wind speed of 11.5m/s.

In order to apply the trailing edge noise model for a

rectilinear motion to the rotating blades, a strip theory =1/ fome /
approach is used. First, each blade is divided into 20 1 —
segments, and each segment is modelled as a
rectangular flat-plate. Next, the trailing edge noise model
is applied to each segment. Each segment assumed to
move rectilinearly at zero angle of attack; the inflow
velocity to each segment is assumed to be the rotational _ _ _
velocity based on the center of the segment. Figure 5 Wind turbine model

Figure 5 demonstrates the direction of rotor rotation and the rotor position at 7 =0.
The calculation is performed for a duration of 1/3 revolution of the turbine (T =1/ fg,. ).
The maximum frequency and the frequency bandwidth are set to f, =2,500Hz and
Af =10Hz, respectively. High frequencies ( f > 2500Hz ) are not predicted in this

study, because not only they are easily attenuated by air absorption, but the
computation cost will increase rapidly as the maximum frequency, f, increases.

Result and Discussion

Figure 6 presents the predicted acoustic pressure at the reference positions
according to IEC 61400-11. The overall sound pressure levels and the A-weighted
sound pressure levels are also shown in the figure.
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Figure 6 IEC 61400-11 Reference position: Acoustic pressure
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Since the effect of angle of attack is not included in this prediction procedure, the
result may underestimate the noise level from wind turbines. Instead, this result
clearly shows that the amplitude modulation of wind turbine noise exists for all of the
observer positions. In order to assess the strength of this amplitude modulation, first
of all, the predicted acoustic pressure is divided into two signals by the shifting
procedure described in Fig. 7.
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Figure 7 Division into upper and lower acoustic pressure
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Next, 1/3 octave band spectra is obtained for upper, lower, and total acoustic
pressure at position 1 and 2, as shown in Fig. 8. The blue bars represent the average
1/3 octave band spectra, whereas the black and red bars mean the 1/3 octave band
spectra of the lower and upper acoustic pressure, respectively. The average
spectrum of the acoustic pressure at position 1 is similar to that of the acoustic
pressure at position 2, except in the range of 100 ~ 200Hz and 800 ~1250Hz ; the low
frequency spectrum at position 1 is slightly higher than the spectrum at position 2,
and the mid-frequency spectrum at position 2 is a little higher than the spectrum at
position 1. However, the modulation depth, which is defined as the difference
between the upper and lower spectrum, is different between the observer positions.
The modulation depth at position 2 is much higher than the modulation depth at
position 1. These differences increase as the center frequency increases. This is due
to the difference of the noise directivity between low and high frequencies, as
presented in Fig. 4.

1/3 octave band spectrum: position 1 1/3 octave band spectrum: position 2
60
[ | Upper spactrum = Upper spactrum
[ | Average spectrum [ ] Average spectrum
[ | Lower spactrum M Lowerspectrum

SPL (dB)

125 200 315 500 800 1250 2000 125 200 315 500 800 1250 2000

Center frequency (Hz) Center frequency (Hz)

Figure 8 1/3 octave band spectra of total, upper, and lower acoustic pressure
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Moreover, in order to evaluate the sound pressure level and the modulation depth at
far distances from the wind turbine, the acoustic pressure is calculated for the
downwind positions (—90° < <90°) at a distance of 250m, 500m, 750m, and 1000m

from the wind turbine. These acoustic signals are then converted to 1/3 octave band
spectra ( f, =100 ~ 2000Hz ) as the procedure in Fig. 7 and 8. Next, to include the

effect of atmospheric attenuation, the sound pressure levels at each frequency band
are subtracted from the attenuated sound levels, which are determined as the
multiplication of attenuation coefficients [21] and the distance between the rotor hub
and the observer point. The air temperature, the relative humidity, and the air

pressure are assumed as 15 °C, 60%, and 1atm, respectively. The overall sound

pressure levels and the overall modulation depths for the 1/3 octave band spectra
are plotted in Fig. 9.
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Figure 9 Overall sound pressure level and modulation depth

It is found that the sound pressure level is maximum at downwind direction (¢ =0°),
but it is minimum at crosswind direction (7 =+ 90°). On the other hand, the

modulation depth is largest at crosswind direction, but the amplitude modulation does
not exist at downwind direction. Furthermore, it is worthy of notice that at far
distances (e.g. r >250m ) the modulation depth is consistent with increasing the
distances, while the overall sound pressure level decreases by about 6dB per
distance doubling. This is because the variation range of the directivity angles (9, ¢

in Fig. 1) is invariant with the distances.

Perception of AM at far distances

Figure 10 presents the directivity angles with respect to rotor azimuth, &, when an
observer is assumed to be located at far distance from the turbine (e.g. r =1,000m).
The rotor azimuth angle is defined as described in Fig. 5. The directivity angles in Fig.
10 are calculated at the outward segment of the blade.

Figure 10 clearly shows why the amplitude modulated sound is produced due to the
variation of the directivity angles. Even though an observer is located far from the
turbine, 8 and ¢ vary considerably as the rotor rotates. This leads to the variation of

the sound pressure level of trailing edge noise. Moreover, this variation increases as
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the observer is closer to the rotation plane. When the observer is located at the
downwind position (¥ =0°), the differences between the maximum angles and the
minimum angles are less than 10°. However, if the observer is located near the
rotation plane (e.g. ¥ =75°), these differences can reach up to 150°. This is why the
modulation depth is largest at crosswind direction, as shown in Fig. 9.
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Figure 10 Variation of directivity angles with respect to rotor azimuth

Nevertheless, although the modulation depth is large near the rotation plane, there is
little possibility of perceiving the sound in this direction, because the sound pressure
level is too low; the overall sound pressure level is less than 10dBA in crosswind
directions. On the other hand, in downwind direction, even though the sound
pressure level is relatively high, the amplitude modulation does not exist. Thus, this
sound will be easily masked by background noise. However, the amplitude
modulation may be perceived in the range of about ¥ ~+30 ~ £ 60°. In this direction,

not only the amplitude modulation exists, but also the sound level is not very low
even far away from the turbine. Therefore, there is a possibility of perceiving the
amplitude modulation in this direction, if the background level is quiet low (e.g. less
than 30dBA).

Conclusion

This study predicted the aerodynamic noise from a generic 2.5MW wind turbine in
time domain to model the amplitude modulation of wind turbine noise. A trailing edge
noise model for a rectilinear motion is used to obtain the unsteady surface pressure
on a flat-plate surface. This noise model for a flat-plate is extended to the rotor blade
based on a strip theory approach.

By applying this numerical method to the model rotor, the acoustic pressure radiated
from the wind turbine blade is successfully predicted in this study. Moreover, using
predicted acoustic pressure, 1/3 octave band spectra and its modulation depth can
be obtained at far distance from the turbine. The result showed that the amplitude
modulation is largest at crosswind direction, but it does not exist at upwind and
downwind direction. It is also found that at far distances the modulation depth does
not decrease with increasing the distance.
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