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1. Summary  
Amiet's aerofoil broadband noise theory is ideally suited to modelling wind turbine 
noise but few attempt have been published on validating it against experimental data 
for a full turbine. The main objective of this paper is to present such a validation. 
Furthermore, slightly different versions of Amiet's theory have been published, 
making it unclear how to apply it. This paper first reviews and clarifies the 
outstanding pitfalls in the application of Amiet's theory. The theory is then used to 
predict the sound power level and amplitude modulation for the DAN-AERO 40m 
radius turbine. Both trailing edge noise and leading edge noise are considered. 
Finally, Amiet's theory is used to estimate amplitude modulation. In all cases, results 
are in good agreement with available experimental data. This paper provides an 
example of the flexibility and effectiveness of Amiet's theory for predicting wind 
turbine noise.  

2. Introduction  
Wind turbine noise is dominated by trailing edge noise and leading edge noise 
(Oerlemans and Sijtsma 2007). Both are broadband and originate from the 
interaction of turbulence with the wind turbine blade. This makes them difficult to 
predict. Direct noise predictions based on unsteady CFD are too expensive to be 
used in the design process. There is a need for efficient analytical models for 
predicting wind turbine noise.  
The theory developed by Amiet provides such a model. Amiet derived blade 
response functions that relate the wavenumber spectrum of the incoming turbulence 
to the pressure jump over the blade surface (R Amiet 1975; R Amiet 1976; RK Amiet 
1978). The pressure jump defines the strength of the dipoles distributed along the 
airfoil surface. These dipoles are efficient noise sources that can be propagated to 
the far field using Curle’s theory (Curle 1955). A good review of Amiet's theory for 
isolated aerofoils is given in (R. K. Amiet 1986).  
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Amiet initially derived closed form expressions for the transfer functions between the 
wavenumber spectrum of the incoming turbulence and the noise spectrum in the far 
field. He later extended his theory to rotating airfoils (Schlinker and Amiet 1981). This 
involved applying appropriate Doppler factors. How to do so properly remained 
unclear until recently due to some discrepancies in the literature. This issue has 
recently been resolved, giving a renewed confidence and appreciation for Amiet's 
model (S Sinayoko, Kingan, and Agarwal 2013), which is thought to be ideally suited 
to predicting wind turbine noise.  
Early applications of Amiet's model to wind turbine noise were made by (Glegg, 
Baxter, and Glendinning 1987) and (Lowson 1993). At the time, the main focus was 
on identifying the dominant noise souce. In Glegg et al's study, inflow noise was 
found to be the dominant source, whereas Lowson showed that trailing edge noise 
should generally be dominant. A greater understanding of the dominant source 
mechanism was obtained thanks to a series of experimental and theoretical studies 
by Oerlemans et al (Sijtsma, Oerlemans, and Holthusen 2001; Oerlemans and 
Sijtsma 2007; Oerlemans 2009) who demonstrated that trailing edge noise was the 
dominant noise source. However, they did not attempt to use the full Amiet model to 
predict wind turbine noise (Oerlemans and Schepers 2010).  
Few such attempts have been made so far. Lee et al (Lee, Lee, and Lee 2013) 
estimated wind turbine noise by combining Amiet's model for trailing edge noise with 
the Ffowcs-Williams and Hawking's equations in the time domain (Casper and 
Farassat 2004; Ffowcs-Williams 1963). One advantage of their method is that they 
obtain the pressure field in the time domain, and therefore preserve the phase 
information. They use this information to estimate amplitude modulation in multiple 
observer directions. However, they do not compare their predictions with 
experimental results. Furthermore, working in the time domain appears more 
expensive than staying in the frequency domain, and it is possible to estimate 
amplitude modulation directly in the frequency domain. This was recognised by 
(Cheong and Joseph 2014) who presented an extensive study of amplitude 
modulation (swishing noise) using Amiet's model. In that study, they predicted very 
high levels of amplitude modulation that were explained by a singularity in Amiet's 
acoustic lift function. This singularity may be non-physical, however, due to a 
numerical issue in implementing the acoustic lift that was first highlighted in (Michel 
Roger and Moreau 2012). It is unclear at this stage how this may have affected 
Cheong et al's predictions of amplitude modulation. One of the aims of this paper is 
to clarify this issue. Furthermore, Cheong et al's study focused on a single wind 
turbine and it is unclear how amplitude modulation may vary when considering 
multiple wind turbines.  
The main objective of this paper is to fully implement Amiet's theory for both trailing 
edge noise and leading edge noise, and to compare the result with experimental data 
for a full wind turbine blade. The DAN-AERO 40m radius wind turbine blade was 
used as it has been already been researched extensively (Madsen et al. 2010).  
This paper first gives a brief overview of Amiet's theory and highlights three key 
issues that can affect the application of Amiet's theory (section 3). Implementation 
details are discussed in section 4. Results comparing predictions to experimental 
data provided by Vestas, for a DAN-AERO turbine (Madsen et al. 2010) are 
presented in section 5. The results include sound power level comparisons, a 
parametric study on leading edge sound power, and ground maps of amplitude 
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modulation for various configurations. The results are discussed in section 6.  

3. Amiet's aerofoil broadband noise theory  
Trailing edge noise is generated in two steps. Hydrodyamic fluctations convecting 
along the boundary layer are scattered into noise at the trailing edge. This occurs in 
order to satisfy the Kutta condition at the trailing edge: pressure must be continuous 
in the wake of the airfoil. The scattered field induces unsteady fluctuations on the 
blade surface, which can be regarded as a distribution of dipole sources. Dipole 
sources are efficient at radiating noise. However, for small acoustic wavelengths 
relative to the chord, most of these dipoles are distributed close to the trailing edge. 
This is why the sources appears to be the trailing edge of the airfoil. Similarly, leading 
edge noise is produce by the scattering of inflow turbulence at the leading edge of 
the airfoil.  
A brief summary of the theory is presented hereafter for both isolated aerofoils then 
rotating aerofoils. For isolated aerofoils, a good review is presented in (R. K. Amiet 
1986); for rotating aerofoils, detailed reviews are given in (S Sinayoko, Kingan, and 
Agarwal 2013; Schlinker and Amiet 1981). 

3.1. Isolated aerofoil theory  
Amiet showed that, assuming frozen turbulence and using Schwartzschild's theory (R. 
K. Amiet 1976; M Roger and Moreau 2005), it is possible to express the far field 
power spectral density (PSD) in the form:  

𝑆!!(𝜔) =
!
!!

!
!!!!

!
𝑆!!(𝜔),  (3.1.1) 

 
where 𝑆!!is a frequency force power spectral density, and where (𝑋,𝑌,𝑍)denote the 
observer coordinates centered on the trailing edge, with 𝑋in the chordwise direction 
pointing downstream and 𝑍in the vertical direction pointing upwards, and where  

𝜎! = 𝑋! + 𝛽!(𝑌! + 𝑍!),𝛽! = 1−𝑀!
!, 

where 𝑀!is the flow Mach number.  
For trailing edge noise, the frequency force power spectral density can be expressed 
as  

𝑆!!(𝜔) =
!
!
𝑆𝐶!|𝛹!"(𝑘! , 𝑘!, 𝑘!)|!𝑙!(𝑘! , 𝑘!)𝑆!!(𝜔),  (3.1.2) 

where 𝑆and 𝐶denote the blade span and chord,  

𝑘! =
!
!!
, 𝑘! =

!
!!

!
!
, 𝑘! =

!
!!!!

𝑀! −
!
!
,  

and the correlation length 𝑙!is derived as follows (M Roger and Moreau 2005) 
  (3.1.3) 

 𝑙!(𝑘! , 𝑘!) =
!
!!

!
!!!(!! !!)!

, 

where 𝜂is the exponential decay rate of the spanwise coherence function. This paper 
uses the value 𝜂 = 0.62measured in (Brooks and Hodgson 1981) for a NACA 0012 at 
Mach 0.11 and zero angle of attack. In this paper, we use the model of (Kim and 
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George 1982) for modelling the frequency spectrum 𝑆!!(𝜔)at the trailing edge.  

For leading edge noise, the frequency force power specral density can similarly be 
expressed as 

𝑆!!(𝜔) = 2𝜋!𝜌!!𝑆𝐶!𝑈!|𝛹!"(𝑘! , 𝑘!, 𝑘!)|!𝛷!!(𝑘! , 𝑘!),  

where 𝛷!!is defined using Karman's spectrum model (R. K. Amiet 1986)  

𝛷!! =
!
!!

!!"#
!

!!!
!!!!!!!

!!!!!!!!!
! !  

where 𝑢!"#can be expressed in terms of the turbulence intensity 𝐼as  
𝑢!"# = 𝐼𝑀!𝑐!,  
and where the hats signify normalization by the wavenumber  

𝑘! =
!
!
!(! !)
!(! !)

,  

where 𝐿 is the integral length scale of the inflow turbulence and 𝛤denotes the 
Gamma function.  
Note that the acoustic lift functions 𝛹!"and 𝛹!" in equations (3.1.2) and (3.1.3) are 
provided by Amiet in reference (R. K. Amiet 1986).  

3.2. Rotating airfoil theory  
Following (Schlinker and Amiet 1981; S Sinayoko, Kingan, and Agarwal 2013), the 
instantaneous PSD is given in source time 𝜏 as  

𝑆!!(𝑥! , 𝜏,𝜔) =
!!
!

!
𝑆!!′(𝑋, 𝜏,𝜔′),  

where 𝜔′and 𝑆!!′are the frequency and the instantaneous power spectral density in 
the reference frame of the source respectively.  

The observer position 𝑋is defined as  

𝑋 = 𝑅!(𝛼)𝑅!(𝜋 2− 𝛼)(𝑥! − 𝑥!),  

where 𝛼is the pitch angle, 𝑥! ≈ 𝑀!"𝑐!𝑇! is the present source position (assuming that 
the source is emitted at the hub, which is valid for an observer in the far field) and is 
expressed in terms of the blade Mach number 𝑀!" = 𝑀!𝛾relative to the observer. 
𝑅!and 𝑅!denote the rotation matrices about the 𝑧-axis and 𝑦′-axis respectively, with 

𝑦′ = 𝑅!(𝜋 2− 𝛼)𝑦. The propagation time 𝑇! is obtained from 𝑅! ≡ 𝑐!𝑇!, where 𝑅! is 

the distance from the convected (or retarded) source position to the observer location:  

𝑅! =
! !!!!"#$! !!!!!!"#!!

!!!!!
, (𝑓𝑎𝑟  𝑓𝑖𝑒𝑙𝑑),  

where 𝛩 = 𝜋 − 𝜃denotes the angle between the flow Mach number relative to the 
observer and 𝑥!.  

Finally, the source frequency 𝜔′is related to the observer frequency 𝜔through the 
Doppler shift (S Sinayoko, Kingan, and Agarwal 2013) 
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!
!!
= 1−

!!"⋅!"

!!!!"⋅!"
(𝑓𝑎𝑟  𝑓𝑖𝑒𝑙𝑑),  

where 𝑀!" = −𝑀!𝑧is the flow Mach number relative to the observer, and 𝐶𝑂 =
𝐶𝑂 |𝐶𝑂|is the unit vector from the convected source position to the observer position.  

The spectrum 𝑆!!′in the reference frame of the blade can be computed from equation 
(3.1.1), using a frequency force spectrum 𝑆!!representative of trailing edge noise 
(equation (3.1.2)) or leading edge noise (equation (3.1.3)).  

3.3. Key pitfalls  
This section summarizes the outstanding pitfalls in apply Amiet's theory. For isolated 
aerofoils, one issue is the confusion between the incident pressure jump and the 
incident pressure field. For a flat plate at zero angle of attack, the incident pressure 
jump (or blocked pressure) for a boundary layer on one side of the plate equals twice 
the incident pressure field (i.e. the pressure field that would exist without the plate). 
Amiet expresses his theory in terms of the pressure jumps, while other authors 
favour the incident pressure field (M Roger and Moreau 2005; Moreau and Roger 
2009; Howe 1978). One advantage of the pressure jump is that it can be measured 
directly using surface pressure probes. Furthemore, the wavenumber spectra 
required in Amiet's theory are wall pressure spectra and are expressed in terms of 
the pressure jump. For a boundary layer on both sides of the aerofoil, one may treat 
each side independently since the problem is linear; at zero angle of attack, it is 
sufficient to double the wall pressure spectrum compared to one sided boundary 
layer.  
A second problem is the presence of a singularity in the acoustic lift, as pointed out 
by (Michel Roger and Moreau 2012). A simple work around is to express the acoustic 
lift as  

𝛹(𝑘! , 𝑘! , 𝑘!) =
!
!

2𝑗𝐵𝐸(𝐵 − 𝐴)+ 𝑒𝑥𝑝(2𝑗𝐴)(1− 𝑒𝑟𝑓( 2𝑗𝐵)) ,  

where  

𝐸(𝑧) = !"#( !!")
!!"

  

if 𝑧 ≠ 0, and 𝐸(0) = 2 𝜋. In comparison to the usual expression for 𝛹provided for 
example in Sinayoko et al the above expression does not become singular when 
𝐵 = 𝐴(see the above reference for expressing A and B in terms of the input 
wavenumbers). This singularity may explain the super-directive behaviour of the 
amplitude modulation observed by (Cheong and Joseph 2014).  
Finally, a third pitfall is the exponent of the Doppler shift in the rotating model. As 
explained by (S Sinayoko, Kingan, and Agarwal 2013), the exponent should be 1 for 
the instantaneous spectrum, and 2 for the time averaged spectrum. One exponent 
stems from expressing the PSD in two different reference frames, and another 
exponent stems from expressing the observer time in terms of the source time. 
However, this problem is not a major concern for current wind turbines for which the 
Mach number is small.  

4. Implementation  
The blade geometry is provided in the DAN-AERO final report (Madsen et al. 2010). 
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The point frequency spectrum of (Kim and George 1982) requires knowledge of the 
boundary layer momentum thickness, which is obtained for each blade section by 
using the panel method code X-foil. X-foil uses the local Mach number and angle of 
attack as inputs. These are obtained by combining measurements of the lift, drag, 
and momentum coefficients as a function of angle of attack, with Vesta's in-house 
Blade Element Momentum code PYRO 2.1.6, for a wind speed of 8.5 m/s and a tip 
speed ratio of 8.9 (rotation speed of 18.14RPM). Thus, the only measurements 
required are the lift, drag and momentum coefficients as a function of angle of attack. 
Note that these coefficients can also be obtained using X-foil.  
Amiet's theory is implemented by using ISVR's in-house fdanoise. An early version of 
this code accompanies (S Sinayoko, Kingan, and Agarwal 2013) and is available in 
the public domain under the MIT open source public licence. The new version 
(commit number 120) is still under development and its source code is currently 
closed. In comparison to this early version, it is object oriented and implements 
leading edge noise in addition to trailing edge noise. It has been used in several 
studies (Samuel Sinayoko, Kingan, and Agarwal 2013; S Sinayoko, Azarpeyvand, 
and Lyu 2014) and contains several features not used in this work, including an 
implementation of Howe's model for trailing edge noise for both straight and serrated 
edges (Howe 1991).  
The sound power is computed first by estimating the sound pressure directivity 
𝑆!! 𝜃,𝜔   at 100 meters from the hub, using 50 uniformly space observer locations in 
the mid-plane of the wind turbine, for elevation angles (measured relative to the axis 
centred on the turbine hub) varying between 0 and 180 degrees. The sound power is 
then obtained by appling the following formula [???Blandeau and Joseph].  

𝑊 𝜔 = !!!

!!!!
𝑆!!(𝜃,𝜔)𝐹(𝜃)𝑠𝑖𝑛𝜃

!
! 𝑑𝜃,                            𝐹(𝜃) =

!! !!!!!!"#!!

!!!!!!"#!!!!!!"#$
! ,                       

(4.1) 

and its level in decibels is relative to 10!!".  
In the measured data, provided by Vestas, the sound power level was obtainedd from a single  
measurement of the sound pressure level, 60 meters below the hub and 104.5 
meters downstream of the turbine. The conversion from sound pressure level to 
sound power level was made according to IEC 61400-11. Furthermore, the predicted 
sound power levels were corrected for atmospheric attenuation, since the measured 
data was taken at significant distance to the turbine. The atmospheric coefficients 
were obtained from ISO-96-132 assuming a temperature of 10 degrees and 70% 
humidity.  

5. Results  

5.1. Sound power levels  
Figure 5.1.1 shows the sound power level (SPWL) for the DAN-AERO wind turbine. 
Both the measured spectrum (red solid line with triangles) and the computed 
spectrum (black solid line with diamonds) are presented. The computed spectrum is 
based on Amiet's theory and is made up of two components. The first component is 
the trailing edge noise, shown in dashed blue with circles. The second component is 
the leading edge noise, shown in dashed green with squares. For leading edge noise, 
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the integral length scale is assumed to be uniform and set to 40m, and the incoming 
turbulence intensity is set to 12.5%. The overal sound power level (OASPWL) is 
obtained by summing the powers in each frequency band. The measured OASPWL 
is 102.5 dBA, compared to 102.2 dBA for the estimated OASPWL. The OASPWL for 
trailing edge noise only is 101.2 dBA.  
Figure 5.1.2 is similar to 5.1.1 and also shows the sound power level, but for varying 
values of the integral length scale. For each value, the leading edge SPWL is plotted 
in dashed green, and the corresponding total SPWL, taking into account the trailing 
edge spectrum shown in 5.1.1, in black. The values taken by the integral length scale 
are 20m (diamonds), 40m (squares), 80m (circles) and 160m (pentagons). The 
corresponding OASPWLs in dBA, for the total SPWL (black curves), are 102.5, 102.1, 
101.9 and 101.8. The measured SPWL is the red solid line with triangles.  
Similarly, figure 5.1.3 varies the turbulence intensity between 5% (diamonds), 12.% 
(squares) and 20% (circles). The associated OASPWLs are 101.3, 102.2 and 103.4 
dBA.  
  

 Figure 5.1.1: Measured (red triangles) and predicted (black diamonds) sound power 
levels (SPWL) in dBA in third octave bands for the DANAERO turbine, using Amiet's 
model for trailing edge noise (blue circles, dashed) and leading edge noise (green 
squares, dashed). For leading edge noise, the turbulence intensity and integral 
length scales are set to 12.5% and 40m. The overall sound power levels in dBA are: 
102.5 (measured), 102.2 (predicted), 101.2 (trailing edge only) and 95.3 (leading 
edge only). 
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 Figure 5.1.2: Impact of integral length scale on sound power level: the green dashed 
curves give sound power for leading edge noise for an inflow turbulence intensity of 
12.5% and an integral length scale of 20m (diamonds), 40m (squares), 80m (circles) 
and 160 (pentagons). The corresponding total sound powers, including trailing edge 
noise, are shown in solid black using the same markers. The measured sound power 
is the solid line with red triangles. Leading edge sound power decreases with integral 
length scale. The overall sound power levels (black curves) in dBA are: 102.5 
(diamonds), 102.1 (squares), 101.9 (circles) and 101.8 (pentagons). 
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 Figure 5.1.3: Impact of turbulence intensity on sound power level: the green dashed 
curves give sound power for leading edge noise for an integral length scale of 40m 
and a turbulence intensity of 5% (diamonds), 12.5% (squares) and 20% (circles). The 
corresponding total sound powers, including trailing edge noise, are shown in solid 
black using the same markers. The measured sound power is the solid line with red 
triangles. Leading edge sound power increases with turbulence intensity. The overall 
sound power levels (black curves) in dBA are: 101.3 (diamonds), 102.2 (squares), 
103.4 (circles). 

5.2. Amplitude modulation  
Figure 5.2.1 presents a map of the amplitude modulation in dBs, estimated using 
Amiet's model with the same parameters as in figure 5.1.1, around a DAN-AERO 
wind turbine for: (a) a single bladed rotor; (b) a three bladed rotor. The z-axis gives 
the position in the flow direction, normalized by the tower height ℎ = 58𝑚, with the 
wind pointing in the negative z direction. The y-axis gives the normalized position in 
the rotor plane, in the horizontal direction. The map is focused near the turbine, 
within a radius 𝑅 = 2ℎ  of 116m.  
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 Figure 5.2.1: Amplitude modulation on the ground, in decibels, around a single 
DANAERO wind turbine estimated using Amiet's model. (a) Single rotating blade (b) 
Three rotating blades. 
Figure 5.2.2 presents a similar map of the amplitude modulation in dBs around: (a) 4 
wind turbines; (b) 8 wind turbines. The turbines are equally spaced, with a separation 
distance between the towers of 194 meters, i.e 3 times the "height plus radius" 
distance. The map extends further away compared to 5.2.1 to a distance 𝑅 = 20ℎof 
1160m. The phase of each wind turbine has been randomized so that the 
instantaneous directivities for each turbines are not synchronized.  
  

 Figure 5.2.2: Amplitude modulation on the ground, in decibels, around multiple 
DANAERO wind turbines estimated using Amiet's model. (a) 5 turbines (b) 10 
turbines. 

6. Discussion  

6.1. Sound power levels  
From figure 5.1.1, the predicted sound power level falls within 3 dBA of the 
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measurements over the entire frequency range. The prediction underestimates the 
sound power below 1kHz, and overestimates the sound power otherwise. The 
predicted overall sound power level (OASPWL) of 102.2 dBA is therefore very close 
to the measured one (102.5 dBA). The difference in the spectra can most likely be 
explained by our use of the analytical surface pressure spectrum due to (Kim and 
George 1982), or some error in predicting the spanwise correlation length 𝑙!(equation 
(3.1.3)), which may be over-estimated at high frequencies. More work is needed to 
quantify the uncertainty in those two quantities. Figure 5.1.1 also shows that trailing 
edge noise dominates the sound power except at low frequencies (below 200 Hz in 
this case), where leading edge noise takes over. The contribution of leading edge 
noise to the OASPWL is only 1.3 dBA in this case. Overall, these preliminary results 
are encouraging and suggest that Amiet's theory gives reasonable estimates of the 
sound power level for a full wind turbine, even when using elementary semi-analytical 
models for the surface pressure spectrum and the correlation length.  
In the current study, the integral length scale 𝐿and the turbulence intensity 𝐼  were 
unknown, so typical values were estimated based on results published by (Glegg, 
Baxter, and Glendinning 1987). 𝐿  was assumed to vary between 20m and 160m and 
the turbulence intensity between 5% and 20%. The effect of each parameter on 
leading edge noise power, as well as the total sound power is illustrated in figures 
5.1.2 and 5.1.3. The leading edge sound power decreases with increasing values of 
the integral length scale 𝐿  by 5 dBA. For large values of the 𝐿, above 80𝑚, the 
contribution to the OASPWL is small and changes only by -0.1 dBA when doubling 
𝐿from 80m to 160m. For smaller values of 𝐿, changes to the OASPWL are more 
substantial but remain small, with -0.4 dBA for 𝐿going from 20m to 40m. In practise, 
the integral length scale would likely vary with the position of the blade, which has not 
been taken into account here. However, it appears that the SPWL is relatively 
insensitive to the value of the integral length scale. The turbulence intensity 𝐼as a 
much large effect, as illustrated in 5.1.3: the SPWL for leadinge edge noise increases 
by 12 dBA when increasing 𝐼from 5% to 20%. This translates into a contribution to 
the OASPWL of 0.1 dBA to 1.1 dBA and 2.3 dBA. High inflow turbulence intensities, 
above 10% do have a signifiant impact on the predicted sound power level. Even if 
the trailing edge noise levels are predicted accurately, for high inflow turbulence, a 
good estimate of the inflow turbulence is necessary to predict the OASPWL to within 
1 dBA.  

6.2. Amplitude modulation  
Figure 5.2.1(a) gives the amplitude modulation for a single rotating blade. 
Considering an observer on the ground at 45 degrees to the hub, i.e. for (z/h, y/h) = 
(1.0, 0), the amplitude modulation experience by the observer is predicted to fall 
between 10 and 12 dB. This is in line with the typical levels measured by (Sijtsma, 
Oerlemans, and Holthusen 2001; Oerlemans and Sijtsma 2007) using array 
measurements. This supports our prediction, although more array measurements are 
necessary to further validate the prediction. Note that the level of amplitude 
modulation varies greatly with the observer location. The peak modulation is in the 
rotor plane, with more than 40 dBA predicted there due to the null in the directivity of 
the sound in the blade plane. Within zero to about 30 degrees to the rotor plane, the 
levels of amplitude modulation.  
Comparing figure 5.2.1(b) with 5.2.1(a) shows that for a full 3-blade turbine, the 
amplitude modulation by about very significantly compared to a 1-blade turbine. Thus, 
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at 45 degrees, the amplitude modulation is less than 3 dB for 3-blades compared to 
10-12 dB for a single blade. This is because the instantaneous spectra are out of 
phase, so the minimum value for one blade does not coincide with the minimum 
value for another blade. This suggests one simple way of reducing amplitude 
modulation: to increase the number of rotor blades. However, the modulation levels 
remain high (12-15 dB) in the rotor plane. Note also that figure 5.2.1(b) is analogous 
with figure 25 of (Cheong and Joseph 2014), although the amplitude of the 
modulation appears higher here: Cheong et al predict only 3 dB of swishing near the 
rotor plane.  
In the case of simplified "wind farms", made of equally spaced 3-bladed turbines, 
figure 5.2.2 shows that the amplitude modulation increases compared to a single 
turbine. It is less than 3 dB for angles up to 45 degrees to the flow direction. However, 
in the region around the rotor plane, the amplitude modulation is significant, without 
about 18 dB within 30 degrees of the rotor plane. There is therefore two distinct 
regions: a high amplitude modulation region near the rotor plane, and a low 
modulation region normal to the rotor plane. Doubling the number of turbines 
increase slightly the size of the noisy region, and increases the magnitude of the 
modulation by only a few decibels. More work is needed to fully understand the 
impact of separation distance and blade alignment on wind turbine noise.  

7. Conclusions  
This paper predicts the sound power level for a DANAERO 40m radius turbine using 
Amiet's theory for trailing edge and leading edge noise. The predicted overall sound 
power level agrees very well (less than 0.5 dBA) with measured data. The noise is 
dominated by trailing edge noise except at low frequencies (less than 200 Hz), where 
leading edge noise dominates. However, there is some uncertainty on the magnitude 
of inflow noise. Inflow noise is found to be very sensitive to the level of turbulence 
intensity, rather than to the size of the integral length scale. If the turbulence intensity 
is set much higher in the prediction than in the experiment, for example to 20% 
compared to 10%, then the overall sound power level is over-estimated by up to 1.5 
dBA. There is also some uncertainty on the sound power spectrum for trailing edge 
noise, with low frequencies being under-estimated and high frequencies over 
estimated by 2-3 dBA. The accuracy may be improved by using improved semi-
analytical models tailored to wind turbine blades, such as the TNO-model 
(Bertagnolio, Madsen, and Bak), or advanced CAA/CFD methods such as synthetic 
turbulence. Based on these preliminary findings, Amiet's theory appears able to 
predict the overall sound power level of a full wind turbine to within less than 0.5 dBA 
when combined with simple surface pressure spectrum models.  
The magnitude of amplitude modulation was validated successfully for a single 
rotating rotor: it matches the expected 10-12 dB modulation in sound pressure level 
near the ground at 45 degrees to the hub. More experimental array measurements 
are needed to further validated the predictions. Most importantly, amplitude 
modulation greatly reduces when considering a full wind turbine, compared to only a 
single blade. For an observer on the ground at 45 degrees to the hub, the predicted 
amplitude modulation is less than 3 dB. However, amplitude modulation in the rotor 
plane is a major concern, with predicted amplitudes of up to 10-15 dBA. The 
predicted amplitude modulation is qualitatively consistent with the results of Cheong 
et al, although the levels predicted in this study appear higher in the rotor plane. 
Finally, the amplitude modulation extends to a wide range of angles (up to 30-40 
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degrees) around the rotor plane, which increases the number of wind turbines 
aligned within that plane. More research is needed to understand the effect of 
separation distance and turbine alignment on amplitude modulation.  
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