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Summary 

This report covers the evaluation of an extension of the CLEAN-SC algorithm to measure trailing edge noise. For wind 

turbines noise is often a limiting factor in both placement and maximum rotating speed. Hence, the reduction of noise 

is of great interest for the sustainable energy sector.  

One of the most dominating mechanisms for wind turbines is the airfoil noise originating from the trailing edge. This 

noise can be reduced by the use of so called serrations. Multiple experiments have been conducted to confirm the 

effective working of serrations. Also in 2014 an experiment on the use of serrations was conducted at the NLR.  

It is difficult to obtain qualitative good measurements of trailing edge noise because of the presence of spurious noise 

sources. These spurious noise sources often have known locations such as the noise originating from the junctions 

between the tested airfoil and the endplates in a wind tunnel caused by the boundary layer and the arising of horse 

shoe vortices.  

With previously used methods such as the use of microphone array and conventional beamforming it is difficult to 

distinguish these noise sources and measure them individually. However, in 2015 an extension of the CLEAN-SC 

algorithm was developed which was able to distinguish the noise sources and measure solely the noise originating 

from the trailing edge.  

This method was tested on a single case. To evaluate the algorithm, the acoustic data from the experiment in 2014 is 

now processed using the extended algorithm. The algorithm proved to be effective in the determination of trailing 

edge noise. Although the iterative deconvolution based on the empirical point spread function was not able to obtain 

robust physical results, the first deconvolution step by linear regression based on theoretical PSF was very effective.  

The new algorithm was able to accurately determine trailing edge noise above 1 kHz. In comparison with the 

previously used method, the trailing edge noise was lower and more accurate the frequency ranges below 4000 Hz. 

This was because the old method overestimated the trailing edge noise in that range due to the spurious corner 

sources and the limited resolution. The leading edge sources that were filtered out turned out to be independent of 

the use of serrations and the trailing edge noise data showed a good collapse when scaling rules are applied. This 

confirmed the validity of the algorithm. The algorithm was then applied on the complete set of cases to get to obtain 

new data on the performance of the serrations. According to the new method the best serrations, namely the flexible 

serrations, seemed to cause an average noise reduction of 6 dB compared to 4.6 dB according to the previously used 

method to measure TE noise.  

 



 

 

 

4 

   |  NLR-TR-2016-504 

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

 

 

 

 

 

 

 

  



 

 

 

5 

NLR-TR-2016-504  |    

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

Contents 

Abbreviations 7 

1 Introduction 9 

1.1 Trailing Edge Noise 9 

1.2 Measurements of Trailing Edge Noise 9 

1.3 Objectives 10 

1.4 Outline 10 

2 Beamforming theory 12 

2.1 Conventional beamforming 12 

2.2 CLEAN 13 

2.3 CLEAN-SC 15 

2.4 Extended CLEAN-SC algorithm for TE noise 15 

3 Experimental Setup 17 

4 Results and Discussion 18 

4.1 Optimizing Method 18 

4.1.1 Regression fit 18 

4.1.2 Microphone setup 20 

4.1.3 CLEAN step 21 

4.2 Source Decomposition 22 

4.3 Scaling 22 

4.4 Comparison with old results 24 

4.5 Use of Serrations 25 

5 Conclusions and Recommendations 26 

6 Figures 27 

7 References 59 

 

 

 

 



 

 

 

6 

   |  NLR-TR-2016-504 

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

 

 

 

 

  



 

 

 

7 

NLR-TR-2016-504  |    

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

Abbreviations 

 

 

 

 

 

 

  



 

 

 

8 

   |  NLR-TR-2016-504 

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

 

 

 

This page is intentionally left blank. 

 

 



 

 

 

9 

NLR-TR-2016-504  |    

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

1 Introduction 

1.1 Trailing Edge Noise 

With aircraft engines getting quieter, the self-noise of airplanes and airfoils is becoming a more important topic. The 

damping of airfoil self-noise is also of great significance to the wind turbine industry. Due to laws and regulations, the 

noise produced by wind turbines is one of the main issues and restraining factors on the placement of wind turbines. 

Likewise, wind turbine noise often restricts the maximum rotational speed. Hence reducing the noise coming from the 

blades can be of great contribution to the wind energy industry and thereby to the sustainable energy sector.  

Noise produced by wind turbines is mainly produced by the self-noise of airfoils. For the self-noise of airfoils, multiple 

mechanisms are responsible. However, at high Reynolds number Rc,which is the case for wind turbines, the dominant 

mechanism is the so called, turbulent boundary layer trailing edge (TBL-TE) noise. 

A promising tool in order to reduce this trailing-edge (TE) noise is to mount serrations on the trailing edge. According 

to Howe  this will reduce the span wise length producing noise. In another study, Howe  predicted that for the use of 

saw tooth serrations, noise would reduce according to 10log⁡[1+4h/λ2] for the frequencies ωh/U⁡≫1, where λ is the 

serrations width, ω is the acoustic frequency, h the saw tooth amplitude and U the flow speed. Hence the noise 

reduction was claimed to be dependent on the amplitude width ratio of the serrations.  

Several experimental studies confirmed that saw tooth serrations indeed cause noise reduction. However, it was also 

found that at high frequency range, the noise increases,. Gruber et al , did extensive experiments on an NACA6512 

airfoil and stated that the increasing or decreasing of noise was dependent on the so called Strouhal number 𝑆𝑡𝛿 =

𝑓𝛿/𝑈 with f being frequency in Hz and δ being the boundary layer thickness. Above 𝑆𝑡𝛿 ≈ 1 noise would increase and 

below, the noise would decrease. Gruber also mentioned that noise decrease was more dependent on (ℎ/𝛿) than 

on(𝜆/ℎ).  It should be at least ℎ/𝛿 > 0.5 and reaches a maximum efficiency when⁡ℎ/𝛿⁡ = 2.  Gruber tested serrations 

in the range of 𝜆 = 1.5 − 12.5⁡𝑚𝑚 and it showed that narrow serrations performed better than wider serrations. This 

was also confirmed in other studies,. Braun  argued that the serrations should be aligned with the flow angle at the 

trailing edge. This should reduce high pitch noise caused by un aligned serrations. In short: long, narrow serrations are 

favored and these serrations should be aligned with the flow angle.  

1.2 Measurements of Trailing Edge Noise 

In wind tunnel experiments, one of the difficulties is to measure pure TE noise due to the presence of spurious noise 

sources such as background noise or sources at the junctions between the airfoil and the endplates. For example, 

extra spurious noise arises at the leading edge and the trailing edge corners of the airfoil due to the boundary layer 

and the arising of horse shoe vortices. 

To measure TE noise single microphones or a microphone array in a line or in a surface are often used. The latter 

technique is known as beamforming and is able to provide a source map on which different noise sources can be 

distinguished. However, the resolution of these source maps is limited, especially for low frequencies. Therefore, it is 

difficult to filter out spurious noise and accurately measure TE noise source in term of radiated noise per unit length.  



 

 

 

10 

   |  NLR-TR-2016-504 

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

To improve the resolution of source maps, deconvolution methods like DAMAS, CLEAN and CLEAN-SC have been 

developed,. Deconvolution methods determine theoretical or empirical contributions of point sources to the source 

map or cross-spectral matrix. Those contributions are subtracted from the original map and replaced with clean 

representations of sources. Since the locations of the sources are not known, CLEAN and CLEAN-SC search for the 

maximum point in a source map, assume that a source is located at that location and ‘clean’ the source from the map. 

Then a next maximum is located and the same step is repeated in an iterative process. Detailed theory of 

beamforming techniques will be discussed in chapter 2. 

The disadvantages of these algorithms are that a source can be placed at some point where no actual source is 

located. Especially for TE noise, where the source of interest has the shape of a line, this results into inaccurate 

outcomes. In 2015 Tuinstra and Sijtsma  developed an extension of the CLEAN-SC algorithm where the source 

distribution, based on physical knowledge, is given as input. This makes it possible to solve a system of equations for 

all the sources at the same time. After that an extended CLEAN-SC algorithm is used to ‘clean’ the source map. This 

algorithm was tested on one specific case and showed good results.  

1.3 Objectives 

In 2014, an experimental investigation on the use of serrations was conducted by David E. Falerios. In this study a 

microphone array was used to research different configurations of serrations. To obtain results the mid span point on 

the trailing edge was taken for the sound power level (PWL). This was sufficient to draw conclusions on the 

performance of the serrations but further investigation on the acoustic data was left out.  

The main goal of this study is to evaluate the extension on the CLEAN-SC algorithm with the use of acoustic data from 

Falerios’ experiment. In order to do so, the following research questions will be answered: 

- How does the extension of CLEAN-SC perform? 

-What is the power level of the spurious noise sources compared to the TE noise? 

- Are the spurious sources filtered out properly? 

-Can scaling rules from literature be applied to the obtained TE noise spectra? 

-What is the difference in Trailing Edge noise estimation compared to the old method? 

-Are the conclusions of the previous conducted experiment still valid? 

1.4 Outline 

The outline of this report is as following. First, the beamforming theory is explained in order to obtain an 

understanding of the principles used in this study. In the next chapter the experimental setup is laid out to get a hold 

on the experimental research that was conducted before. After that, the results are presented and discussed. In the 

last chapter, the conclusion and recommendations are presented. To maintain overview, figures are presented in a 

separated chapter. After that the reference list can be found.  

 

 



 

 

 

11 

NLR-TR-2016-504  |    

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

 

 



 

 

 

12 

   |  NLR-TR-2016-504 

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

2 Beamforming theory 

In this chapter, the beamforming theory will be explained in order to enlarge the understanding of the techniques 

used. First the basic principles are explained leading to the most common beamforming method Conventional 

Beamforming (CB). This method will be expanded to CLEAN and CLEAN-SC respectively which eventually will lead to 

the extension used in this study. The notation and explanation of Sijtsma and Tuinstra    will be closely followed. For 

more details, one is referred to the literature.  

2.1 Conventional beamforming 

Consider n microphones which measured noise transformed in complex amplitudes in the frequency domain. 

 𝒑(𝒇) = ⁡(

𝑝1(𝑓)

𝑝2(𝑓)
⋮

𝑝𝑛(𝑓)

) 
(1) 

The cross-spectral matrix (CSM) is defined as: 

 𝐶 =
1

2
𝒑𝒑∗ (2) 

Now a steering vector is defined which represents the signal of a unit monopole source: 

 
𝒈𝒏 =

−𝑒2𝜋𝑖𝑓Δ𝑡𝑒(𝒙𝒏 ,𝛏)

4𝜋√(𝑴 ⋅ (𝒙𝒏 − 𝝃))
𝟐
+ 𝛽2‖𝒙𝒏 − 𝝃‖2

 (3) 

With 𝑴 begin the Mach vector, 𝛽2 = 1 − |𝑴|𝟐⁡and Δ𝑡𝑒(𝒙𝒏, 𝝃) being the time delay: 

 Δ𝑡𝑒 =
1

𝑐𝛽2
(−𝑴 ⋅ (𝒙𝒏 − 𝝃) + √𝑴 ⋅ (𝒙𝒏 − 𝝃) + 𝛽2‖𝒙𝒏 − 𝝃‖2) (4) 

  
 

Here 𝒙𝒏 denotes the location of the microphone and 𝝃 denotes the location of a scan point looked in to. The aim is to 

find the complex amplitude of each location by comparing the pressure vector 𝒑 with the steering vector 𝒈 this is 

done by the minimisation of  

 𝑱 = ‖𝒑 − 𝑎𝒈‖2 
(5) 

With solution 

 𝑎 =
𝒈∗𝒑

‖𝒈‖2
 (6) 

or notated as auto power 

 𝐴 =
1

2
|𝑎|2 =

𝒈∗𝑪𝒈

‖𝒈‖4
= 𝒘∗𝑪𝒘 (7) 

with weighting vector: 
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 𝒘 =
𝒈

‖𝒈‖𝟐⁡
 

 

The application of these equations will result in a source map which is known as Conventional Beamforming. This 

method is a common used technique and was programmed with Matlab. An example of a 2D source map is shown in 

Figure 1. As it can be seen a single source returns a peak on the source maps and also some other peaks called side 

lobes can be observed. The width of the peak 3 dB below the top defines the resolution and can be estimated with the 

following empirical relation.  

 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 425
𝑌

𝐷𝑓
 

𝑌 and 𝐷 denote the distance to the source and the diameter of the array respectively and 𝑓 denotes the frequency. 

For a normal array as used in the wind tunnel experiment  where the distance and diameter are 0.6 and 0.8 meter, at 

2000 and 1000 Hz, the resolution will be 16 and 32 cm respectively. For these low frequencies the resolutions are 

quite poor and since the tested airfoil is only 50 cm wide it will become more difficult to distinguish different sources 

from each other. Variances on CB such as Minimum Variance, Robust Adaptive Beamforming and Functional 

Beamforming can be applied to improve the resolution,  but to effectively tell apart the sources of interest and the 

spurious sources, deconvolution algorithms such as DAMAS, CLEAN and CLEAN-SC have to be used. DAMAS is not 

considered. CLEAN and CLEAN-SC will be discussed in the section below. 

2.2 CLEAN 

The CLEAN algorithm searches source locations, then subtracts the theoretical contributions of these sources from the 

CSM and replaces them with a clean point in an iterative process. Suppose there is a unit source in a scan point 𝝃𝒌. 

This source induces a CSM given by: 

 𝑮𝒌 = 𝒈𝒌𝒈𝒌
∗  

(10) 

According to the theory the source will contribute to source powers in scan points 𝜉𝒋 

 𝐴𝑘𝑗 = 𝒘𝒋
∗𝑮𝒌𝒘𝒋 (11) 

This expression is known as the Point Spread Function (PSF), which describes the theoretical response of a point 

source on the source map. To locate the source, the CLEAN algorithm searches for the maximum peak and determines 

the corresponding scaled PSF 

 𝐴𝑚𝑎𝑥,𝑗 = 𝒘𝒋𝑮𝒎𝒂𝒙𝒘𝑗
∗⁡⁡ 

(12) 

where 𝑮𝒎𝒂𝒙 is the CSM induced by the source in 𝝃𝒎𝒂𝒙 

 𝑮𝒎𝒂𝒙
(𝒊)

= 𝐴𝑚𝑎𝑥
(𝑖−1)

𝒈𝒎𝒂𝒙𝒈𝒎𝒂𝒙
∗  (13) 

 

The CSM is subtracted from the current CSM and results in a degraded CSM which can be written as a single iterative 

step: 

 𝑪(𝒊) = 𝑪(𝒊−𝟏) − 𝑮(𝑖) 
(14) 
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The new ‘dirty’ map is formed by: 

 Aj⁡
(i)
=Aj

(i-1)-wj
*Gmax

(i) wj (15) 

 

This step can be repeated until a certain stop criterion is reached, for example.  

 ‖𝑪(𝑰+𝟏)‖ ≥ ⁡‖𝑪(𝑰)‖ 
(16) 

This is the point where the degraded CSM contains more information than the previous CSM. After this process, a 

clean map can be formed by summing the clean beams and the remaining ‘dirty’ map. 

 𝐴𝑗 = ∑𝑄𝑗
(𝑖) + 𝐴𝑗

(𝐼)

𝐼

𝑖=1

 
(17) 

Here is 𝑄𝑗
(𝑖) the replacing clean beam for the PSF 

 𝑄𝑗
(𝑖) = 𝐴𝑚𝑎𝑥

(𝑖−1)10−𝜆|𝝃𝒋−𝝃𝒎𝒂𝒙
(𝒊)

|
2

 (18) 

where 𝜆 is a parameter to determine the width of the beam. Often a safety loop gain is used (0 < 𝜑 ≤ 1) replacing 

equations (14) and (18): 

 {
𝑪(𝒊) = 𝑪(𝒊−𝟏) − 𝜑𝐴𝑚𝑎𝑥

(𝑖−1)𝒈𝒎𝒂𝒙
(𝒊) 𝒈𝒎𝒂𝒙

∗(𝒊)

𝑄𝑗
(𝑖) = 𝜑𝐴𝑚𝑎𝑥

(𝑖−1)10−𝜆|𝝃𝒋−𝝃𝒎𝒂𝒙
(𝒊)

|
2  

(19) 

This above described algorithm can be summarized in the following steps: 

1. Obtain a ‘dirty’ source map with CB. 

2. Find the peak location in the map. 

3. Subtract the corresponding PSF from the ‘dirty’ source map. 

4. Repeat step 2 and 3 until a stop criterion is reached. 

5. Replace the subtracted PSF’s with the ‘clean beams’ to obtain a clean map. 

The CLEAN algorithm can provide clear maps than the conventional methods. However, the assumption is made that 

there is uniform source directivity and no loss of coherence in order to use steering vector 𝒈 to describe the sound 

transfer. These assumptions are seldom fulfilled in aero-acoustic measurements. Dealing with this leads to CLEAN-SC 

algorithm.  
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2.3 CLEAN-SC 

Instead of using the original PSF function, the CLEAN algorithm based on Spatial Coherence makes use of the fact that 

the side lobes in a source plot are coherent with the main lobe. Therefore, use is made of source cross-power.  This is 

defined as 

 𝐵𝑗𝑘 = 𝒘𝒋
∗𝑪𝒘𝒌 

(20) 

In the case of CLEAN-SC now another choice is made for the matrix 𝑮(𝒊). It is demanded that the source cross-powers 

of any point 𝝃𝒋 with the peak location 𝝃𝒎𝒂𝒙 are determined entirely by 𝑮(𝒊). Therefore,  

 𝒘𝒋
∗𝑪(𝒊−𝟏)𝒘𝒎𝒂𝒙 = 𝒘𝒋

∗𝑮(𝒊)𝒘𝒎𝒂𝒙 
(21) 

This is satisfied when: 

 𝑪(𝒊−𝟏)𝒘𝒎𝒂𝒙 = 𝑮(𝒊)𝒘𝒎𝒂𝒙 
(22) 

This does not directly lead to a unique solution for 𝑮(𝒊), but if the induced CSM is written into the form 

 𝑮(𝒊) = 𝑨𝒎𝒂𝒙
(𝒊−𝟏)(𝒉(𝒊)𝒉∗(𝒊) −𝑯(𝒊)) (23) 

where 𝑯(𝒊) contains the diagonal elements of 𝒉(𝒊)𝒉∗(𝒊). The solution for (22) is then 

 𝒉(𝒊) =
1

(1 + 𝒘𝒎𝒂𝒙
∗(𝒊) 𝑯(𝒊)𝒘𝒎𝒂𝒙

(𝒊) )
1
2

(
𝑪(𝒊−𝟏)𝒘𝒎𝒂𝒙

(𝒊)

𝐴𝑚𝑎𝑥
(𝑖−1)

+𝑯(𝒊)𝒘𝒎𝒂𝒙
(𝑖) ) (24) 

As this is an implicit expression which can be solved iteratively.  Furthermore, the iterative CLEAN-SC process operates 

analogously to equation (19) . 

{
𝑪(𝒊) = 𝑪(𝒊−𝟏) − 𝜑𝐴𝑚𝑎𝑥

(𝑖−1)𝒉(𝒊)𝒉∗(𝒊)

𝑄𝑗
(𝑖) = 𝜑𝐴𝑚𝑎𝑥

(𝑖−1)10−𝜆|𝝃𝒋−𝝃𝒎𝒂𝒙
(𝒊)

|
2  

(25) 

This is already a good method to distinguish noise sources from each other. But the method is not very suitable for TE 

noise. The goal of analyzing the trailing edge noise measurements in this study is to obtain a line source along the TE 

and to distinguish it from the other spurious noise sources. Adapting the algorithm will make it suitable for TE noise. 

2.4 Extended CLEAN-SC algorithm for TE noise 

 In 2015 Tuinstra  developed a CLEAN-SC extension which makes use of predefined source locations. Because the 

locations of the noise sources are known, it is possible to find the source powers quite accurate.  

First, it is assumed that there are 𝑚⁡monopole sources of which the location is known. They are representing the line 

source at the trailing edge and other known spurious noise sources. If 𝑍⁡is the subset of indices of scan points at 

source locations and it is assumed that there are no other significant sources, then the CSM induced by a point source 

at 𝝃𝒋, 𝑗⁡ ∈ 𝑍 is 

 𝑮𝒋
′ = 𝑪 −

1

2
∑ 𝒈𝒌𝒈𝒌

∗

𝑚−1

𝑘∈𝑍\{𝑗}

𝑆𝑘 ⁡ 
(26) 
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Here is 𝑆𝑘  the source auto-power of the source at sub-PSF resolution. These source auto-powers can be found by 

solving the system of equations based on theoretical PSF: 

 𝐴𝑗 =
1

2
∑𝒘𝒋

∗𝒈𝒌𝒈𝒌
∗𝒘𝒋𝑆𝑘

𝑛

𝑘∈𝑍

 (27) 

By selecting a set of points 𝑗⁡(fit points) an overdetermined system of equations is obtained and can be solved by 

means of linear least-squares regression. The system is further restricted by demanding that the source elements at 

the trailing edge should be of equal sound power. This results in a first estimate of the source powers which is called 

the regression fit. The auto power 𝐴𝑗
′ on 𝑮𝒋

′ is derived from CB and then the steering vector 𝒉 can be derived from 

 𝒉 =
1

(1 + 𝒘𝒋
∗𝑯𝒘𝒋)

1
2

(
𝑮𝒋
′𝒘𝒋

𝐴𝑗
′ +𝑯𝒘𝒋) (28) 

The PSF then follows from equation (11)  and 

 𝑮𝒋 = 𝑨𝒋′(𝒉𝒉
∗ − 𝑯) 

(29) 

Summarizing, the extended CLEAN-SC algorithm for TE noise consist of the following steps: 

1. Apply CB to the CSM to obtain a source map. 

2. Estimate the source auto-powers 𝑆𝑗  of the line source and other spurious noise sources by solving equation 

(27)  by means of least square regression. 

3. Select a source location 𝝃𝒋 from the known sources and determine the reduced CSM 𝑮𝒋
′ from equation (26) . 

4. Determine 𝒉 and the corresponding matrix 𝑮𝒋. 

5. Replace the CSM: 𝑪 = 𝑪 − 𝜑𝑪𝒋 and remove the scan point index 𝑗⁡from subset 𝑍 

6. Return to step 3, until all line source elements and spurious sources have been removed from the CSM, then 

the original CLEAN-SC algorithm can be applied on the remaining CSM. 

7. After this the source map can be reconstructed with the source auto-powers. 

To see how the extended algorithm performs, a simulation of the test setup is analyzed. (The experimental setup will 

be explained in the next chapter.) The TE noise is simulated as a line of equally strong point sources (see Figure 2), on 

the LE corners, source points of 16 times the strength of the TE are placed and on the TE corners the simulated 

sources have 64 and 36 times the strength of the TE. To simulate a real situation, the LE corner sources are given as 

sources for the algorithm. The conventional beamforming and clean source maps are given in Figure 3 and 4. As can 

be seen, the spurious sources are filtered out effective. A power spectrum is given in Figure 5. Also the regression fit 

can be used to find the source powers. Both regression fit and the clean solution show proper results i.e. within 1 dB 

off the real source power.  Below 1 kHz the algorithm develops difficulties determining the source power. In practice it 

will also become clear that the algorithm is no longer able to distinguish the sources. Also, in a simulation no 

coherence loss and no disturbance on the CSM due to the end plates will occur. 
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3 Experimental Setup 

In this section, the setup will be discussed. For more extensive details and motivations, one is referred to the original 

report on the experiment.   

The measurements were conducted at the NLR’s Small Anechoic Wind Tunnel KAT.  The KAT is an open circuit, open 

jet wind tunnel, with a nozzle of 0.51 x 0.38 m. Two parallel end plates (0.90 x 0.70 m2) are connected to provide a 

semi-open test section. In this section, a DU-96-W-180 airfoil was fixed in a vertical position, spanning between the 

two plates. (Figure 6) The room of 5x5x3 m3, surrounding the test section, was completely covered with 0.5 foam 

wedges. (Figure 7) This yields more than 99% absorption above 500 Hz.  

The acoustic measurements where performed, using an array of 48 microphones located at the suction side of the 

airfoil at a distance of 0.6 m from the center of the KAT wind tunnel. Dimensions were 0.6 x 0.8 m2 (Figure 8). The scan 

surface for noise surfaces had its origin located at mid span in the rotating axis of the airfoil which is 31.3% c from the 

leading edge, the scan surface rotates with the airfoil. (Figure 9) The x-axis is in the direction of the airfoil chord line, 

the y-axis perpendicular to that and the z-axis is upwards positive in the span wise direction of the airfoil.  

Also distinction was made between the geometric AoA and the effective AoA, due to the fact that the measurements 

were conducted in an open wind tunnel. (See also Figure 9) The measurements were conducted at different AoA’s but 

the AoA’s used in this report are with geometric AoA 0, 10.51 and 14.37, which correspond with effective AoA 0, 6 and 

8.2. The latter AoA corresponds with the specific wind turbine section (r/R = 0.9) producing the most noise.  

During the measurements flow velocities of 40, 50, 60 and 70 m/s were used. The serrations were mounted on the 

entire trailing edge with dimensions: h = 15 mm and λ = 7.5 mm. There were six different configurations of serrations 

made and tested. The first configuration was a clean unserrated edge. The second and third configurations were just 

serrations with a fixed angle to align with the flow at AoA = 14.37. One mounted on the suction side (TOP) and one 

mounted on the pressure side (BOT). These are the so called uncut serrations since no cut were made in the steel 

plate to make it flexible. This was actually done for the fourth and the fifth configurations. A cut section in the plate 

was added to make the serrations flexible and thus able to align with the flow. However, in this report these two 

serrations will not be mentioned further since they did not perform well because of the disturbance of the flow 

caused by the cuts.  The sixth configuration was a serration with a flexible joint between the serrations and airfoil also 

covering the transition maintaining a smooth flow. Hence it could align with the flow but the disadvantages of the cut 

serrations were overcome. (FS) 
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4 Results and Discussion 

In this section the results from the acoustic data processing are presented and discussed. First a survey is conducted 

to find optimal approach and successfully obtain TE noise data. This starts with trying to find the optimal source 

distribution for a regression fit. Then the microphone weighting will be conducted and to conclude the CLEAN 

deconvolution step will be applied.  

When the right approach is selected the first result can be analysed. The spurious sources will be studied first. 

Secondly, scaling rules will be applied to evaluate the scaling of the measured TE noise. Then the comparison will be 

made with old results to see what the differences are. In the end the noise reduction performances of the serrations 

will be presented to confirm the conclusions made in the previous conducted experiment.  

4.1 Optimizing Method 

4.1.1 Regression fit 

In the regression fit, i.e. solving equation (27), a possible obtained distribution based on the point spread function is 

given. To evaluate the outcome of the regression fit, source maps are generated based on a simulated CSM using the 

regression fit source powers. The simulated source map is then compared to the measured source map. The case 

chosen to use for the evaluation is a clean TE at 0 AoA with flow velocity 70 m/s. In Figure 10 such a comparison is 

illustrated for a specific source distribution and regression fit at 1475 Hz where it was assumed that LE and TE corners 

would act as single independent point sources.  

However, multiple setups with different source distributions and fit points selected were tested and it was found that 

assuming line sources along both the LE and TE corners of independent sources resulted into the best regression fits. 

Figure 11 shows such a distribution. This can also be explained when looking to the actual flow. Figure 12 represents a 

flow visualization near the end plate. On the end plate a boundary layer is present in the flow. As this boundary layer 

encounters the LE, vortices arise and move over the airfoil to the TE. Hence the flow is influenced by the end plate not 

only at the single points on the end plate but also on the edge near the end plate.  

Different lengths and fit points have been examined The first set of fit points are a vertical line along the TE, 3 

horizontal lines: at z = -0.25, at z = 0 and z = 0.25 m and 2 vertical lines on the LE corners (Figure 13). The other set of 

fit points tested were all the points within a rectangle around the airfoil. To make proper judgement on the similarity 

of the simulated source map and the measured source map, a single evaluation point in the source map was chosen to 

represent the power level of the trailing edge. This point was chosen to be on the trailing edge 4 cm below the mid 

span point to be located in between the two corner sources. (Figure 14)  

Of the wide range of setups, some showed no significant difference. The significant results are given in Table 1. The ID 

for the clean setup is a number to keep track of the different setups. The last column shows the difference between 

the PWL of the evaluation point in the real source map and the simulated source map. The best regression fit seems to 

follow from a line of independent point sources on the LE corner source with length 6-8 cm. The regression fits from 

best setups, ID 65, 66, 67, 68, 69 and 70, were also simulated on other frequencies. Source maps of the simulated 

regression fits for these six setups are shown in Figure 15, 16 and 17. The deviation of the evaluation points can be 
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found in Table 2. It is clear that these setups of source distributions have accurate fits. The source maps of the 

simulation are similar to the real source maps with the exception for some noise coming from other source as tunnel 

background noise, which is successfully ignored in the fit. 

The regression fit can be used to calculate a value for the trailing edge noise. Noise spectra for the TE noise from 

setups 65, 66, 67 68, 69, 70 and 28 (which is the first discussed setup with the assumption of single points sources on 

the corners) are given in Figure 18 and the difference with configuration 65 is displayed in Figure 19. It is observed 

that the different setups in processing the data do not heavily change the TE noise estimations above 1000 Hz. The 

setup where single point corner sources are assumed, differs the most but also that estimation is quite close to the 

others. Hence it can be concluded that the making of a regression fit is a robust method, which already comes quite 

close to the real source distribution.  

To make a choice which setup will be used in the rest of the process, not only the deviations from Table 2 have been 

studied but also the source maps are compared. Based on the numbers of a single point and the visual data the choice 

is made to use setup 65 for the rest of the research. 

Table 1- Power levels of evaluation point from the setups tested 
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ID Clean Setup 1000 Hz 1475 Hz 2500 Hz Average 

Table 2 - Difference of evaluation point power levels between real source map and simulated regression fit source map 

4.1.2 Microphone setup 

When looking at the placement of the microphones, (see Figure 20) some of the microphones are placed above and 

below the end plates of the test section. As a consequence, these microphones may not be able to measure the noise 

in the corners properly. Since corrections for microphone density and aperture are applied,  the microphones at the 

outer circle are weighted more than the inner microphones. This could cause disturbance in the results when the 

outer microphones do not obtain good signals but are weighted more. However, adapting the weighting factors will 

decrease the resolution for beamforming which could decrease the quality of the results.  

Regression fits have been obtained from the test case using different weighting factors for the microphones. In the 

first case the normal weighting factors are used which are used to correct for microphone density putting more 

weight on the outer circle of microphones. In the second case all microphones are equally weighted and in the third 

case the weighting factors from the first case are inverted putting more weight on the inner microphones.  

Figure 21 shows the real source map and the simulated source maps obtained from the regression fits for the 

different microphone configurations. The simulations have a similar resolution since the simulation uses the same 

settings for every input. The case were equally weighted microphones are used, results in almost the same source 

map as the case were normally weighted microphones are used. The case where the weighting factors are inverted 

results in a different source map. The spurious noise sources are estimated higher especially for 2500 kHz. 

Putting more weight on the inner microphones seems to deteriorate the results. Therefore, the normally used 

weighting will be used for further processing.  
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4.1.3 CLEAN step  

When the regression fit works optimal the CLEAN step (see section 2.4) can be applied to refine the results. Figure 22 

shows the clean source map obtained from the test case. The result is not in the form as expected like the simulations 

showing a clean representation of the TE noise. Instead, all the noise seems to switch halves and at some points a 

strong unrealistic high point source is displayed. Multiple cases and setups show similar results which is not usable to 

evaluate TE noise.  

Figure 23 displays the output obtained from the test case. The regression fit shows in de middle a perfect equally 

distributed line of sources at the TE as was imposed. However, the clean output has divided the sources into higher 

and lower values. Even NaN outputs are given which probably means that the sound power is negative. This is not 

physical but to compensate for this negative power, some other sources have rather high power levels. This is what 

likely causes the high level points in the source maps.  

Apparently the deconvolution steps do not properly remove the source contribution. Therefore, is it possible that a 

source point is underestimated or ignored which result into low, zero or even negative values. When that happens 

probably the next source is overestimated to compensate. This process gives invalid results which cannot be used for 

the evaluation of TE noise. One possible solution might be basing the deconvolution solely on the CSM instead of the 

auto powers. This could overcome the errors introduced by the PSF. However, this is outside the scope of this 

research and will not be investigated further.  

Though the result obtained with deconvolution is not usable, the source distribution based on the regression fit seems 

to be accurate. Therefore, the results from the regression fit will now be used only to evaluate TE noise and the other 

sources.  
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4.2 Source Decomposition 

The source distribution concerns not only the TE but also all the other spurious sources. Therefore, the source 

strengths of the spurious sources are also known. It was assumed that there are in total four significant spurious noise 

sources: the LE upper corner source, the LE lower corner source, the TE upper corner source and the TE lower corner 

source. Figure 24 displays the spectra of all the sources.  

The two LE corner sources do follow a similar trend. For the rest it is harder to find a trends but it is clearly visible that 

the noise originating from spurious sources is of considerable power level. Figure 25, 26, 27 and 28 show that the 

noise coming from spurious sources is even larger than the TE noise in the lower frequency domain below 4000 Hz for 

different cases.  This means that the algorithm can be of significant value for the TE measurements in the lower 

frequency domain. 

One way to evaluate whether the spurious noise sources are filtered out is to study the behavior. For example, noise 

originating from the LE should be independent of the configuration mounted on the TE. Figure 29 and 30 show the LE 

noise from the upper and lower corner. The sound powers for different configurations are approximately of similar 

strength and are almost overlapping with the exception of some difference in the high frequency range.  This proves 

that indeed the LE corner sources are independent form TE noise. From this, it can be concluded that the LE corner 

sources are filtered out properly and do not influence the TE noise estimation. Providing similar conclusions for the TE 

corners is more difficult because these sources are influenced by the serrations mounted on the TE. However, the 

correct behavior of the LE sources, plus the accuracy of the regression fit, is already an indication of a well performing 

algorithm.  

4.3 Scaling 

To compare results, scaling rules can be applied. For the case of comparing TE noise for different velocities an often 

used scaling rule is : 

 𝑃𝑊𝐿𝑛𝑜𝑟𝑚 = 𝑃𝑊𝐿𝑛1/3 − log10(𝑈
5𝛿∗) 

for the sound power and  

 𝑆𝑡𝛿∗ =
𝑓𝛿∗

𝑈
⁡ 

for the frequency. With 𝑃𝑊𝐿𝑛1/3 is meant the third octave band power level normalized on bandwidth: 

 𝑃𝑊𝐿𝑛1/3(𝑓) ⁡=
𝑃𝑊𝐿1/3(𝑓)

𝑏𝑤(𝑓)
 

𝛿∗ is the so called displacement thickness which is a measure for the boundary layer thickness. This number can be 

obtained from experiments and Xfoil simulations of the previous experiment. Figure 31 displays the TE noise 

calculated from a BPM model of a NACA 0012 airfoil. The graphs display the TE noise originating from the suction side 

and the pressure side. Table 3 provides the displacement thickness for both the NACA 0012 and DU-96-W-180 for the 

suction and the pressure side. Because the NACA 0012 airfoil is symmetric, the displacement thickness and the noise 

levels are equal for 0 AoA. But at a higher AoA, the displacement is thicker on the suction side than on the pressure 

side. From the figures, it can be seen that at higher AoA the noise peaks shift from each other and that the noise 
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originating from the suction side becomes the dominant. A thicker displacement results in higher noise level at lower 

frequency. 

 

𝛿𝑠,𝑁𝐴𝐶𝐴
∗

𝛿𝑠,𝐷𝑈
∗

𝛿𝑝,𝑁𝐴𝐶𝐴
∗

𝛿𝑝,𝐷𝑈
⁡∗

Table 3 - Displacement thickness for BPM of NACA 0012 and for Xfoil simulation of DU-96-W-180 at 70 m/s 

The same behaviour for the displacement thickness can be observed for the DU-96-W-180 airfoil and because the 

airfoil is not symmetric, the difference is even larger. Hence of the DU-96-W-180 airfoil can be said that for positive 

AoA, the dominant part of the TE noise is originating from the suction side. For this reason, the displacement thickness 

of the suction side is used for scaling.  

Figure 32 and 33 display the velocity scaled noise levels for different cases. Third order polynomial fits have been used 

to represent a trend in the data. The noise levels do not collapse entirely. The noise levels for the higher velocity seem 

to be consequently too low or too much shifted to the left. Table 4 shows the total decibel level for the velocity scaled 

data from different cases. The sixth column shows the standard deviation for the different velocities. For most cases 

the deviation is within 1 dB which is quite good for a scaling. This gives rise to the idea that the scaling on power level 

is correct but the scaling on frequency should be chosen different. 

Table 4 – Total power level for the velocity scaled data (U5) 

Brooks  mentioned that there is a relation between peak location and velocity: 

 𝑆𝑡𝑝𝑒𝑎𝑘 = 0.02𝑀−0.6⁡~⁡𝑈−0.6 

Data from other sources  also support this idea that noise spectra shift according to the above relation. This means 

that the frequency should be scaled according to: 

 
𝑆𝑡𝛿∗

𝑆𝑡𝑝𝑒𝑎𝑘
~
𝑓𝛿∗

𝑈0.4
 



 

 

 

24 

   |  NLR-TR-2016-504 

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

Figure 34 and 35 show the power level plots with the upper mentioned scaling used. These power levels already show 

a better data collapse. Another empirical based scaling rule is to scale the power level with 𝑈4.5. Plots of these scaled 

power levels are given in Figure 36 and 37. This type of scaling shows better data collapse than Brooks scaling. When 

looking at Table 5, the deviation of the total scaled power deviates also only within 1 dB. Hence scaling on 𝑈4.5⁡is also 

a good scaling rule. 

Concluding, both scaling on 𝑈5 and 𝑈4.5 give good data collapses. This is proof for good quality of the results. The 

scaling on the frequency range could be optimized to obtain a better collapse. However, the peak relation from Brooks 

already gives a good data collapse on the results which confirms the statement that the results are valid.  

Table 5 - Total power level for the velocity scaled data (U4.5) 

4.4 Comparison with old results 

It is of interest what the difference in results are compared to the earlier way used to measure. In the previous 

conducted experiment,  the middle point of the conventional source map was taken to evaluate the TE noise. 

Especially at low frequencies this point is heavily influenced by the spurious noise sources which are of considerable 

strength and the lack of resolution causing multiple sources to have a heavier overlap at low frequencies. Therefore, 

the TE noise is probably overestimated for lower frequencies. For higher frequencies the trend should be somewhat 

similar. 

To compare spectral shapes, the old spectra are off-set to match the new spectra at 6300 Hz. Figure 38 gives a plot of 

the TE noise obtained from old and new methods. In the lower frequencies the noise is much lower for the new 

method than for the old method. This is probably because of the overestimation in the old method. Hence the new 

method is better in determining TE noise spectra. Because of the lower power levels in the low frequency range it is 

now possible to recognize a peak in the data.  

According to literature  the frequency of the peak is inversely proportional to the displacement thickness. Therefore, 

this peak should shift to lower frequency for higher AoA. When looking at Table 3, one can see that the displacement 

thickness on the suction side doubles in size going from effective AoA 0 to 8.2 (14.37 geometric). This would mean 

that the peak frequency gets twice as small. Looking at Figure 38, this seems not to be entirely followed up due to 



 

 

 

25 

NLR-TR-2016-504  |    

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

some high pitch noise for AoA 10.51 but for AoA 14.37 and AoA 0, two peaks can be recognized at 2000 Hz and 4000 

Hz.  

It seems that on lower frequencies the sound power level goes up again. Figure 39 shows the same new spectra but 

for a wider frequency range. The sound power level shows indeed higher values at frequency ranges below 1000 Hz. It 

is unsure what causes this noise. It could be another peak in TE noise since noise is radiated from both suction side 

and pressure side, but the frequencies are quite low and there does not seem to be a frequency shifting which is 

expected for TE noise. It is also possible that this is background noise but if that is the case, the algorithm should not 

be recognizing this as TE noise. In Tuinstra’s paper , the results below 1000 Hz also became less accurate so the raising 

in noise levels is probably due to the inaccuracy of the algorithm (see also Figure 5). At lower frequencies TE noise is 

expected to be lower but the spurious noise sources stay of similar strength. As it gets harder to distinguish different 

noise sources at lower frequencies the algorithm might address higher values to the TE noise. Hence results below 

1000 Hz should be neglected.   

In short, compared to the old results, the extended CLEAN-SC algorithm results in probably more accurate lower 

power levels in the lower frequency range. Because of this it is possible to recognize peaks in the spectra. However, 

below 1000 Hz, the power level is quite high and it is probably causes by the inaccuracy of the algorithm. This should 

be investigated further.  

4.5 Use of Serrations 

Now that the extended CLEAN-SC algorithm is successfully applied, the results for different serrations could be 
revisited.  

Figure 40 and 41 show the spectra for different serrations compared and Figure 42 and 43 show the noise reduction 
obtained compared to a clean TE.  

From the plots is concluded that the flexible serrations perform best at all AoA. Especially in the high frequency range 

the FS result in a large noise reduction. The US-TOP and US-BOT serrations only perform well at high AoA because they 

were designed to align with the flow at high AoA. At that point the US-TOP serrations have slight better performance. 

In the old study averages were taken over all cases with a frequency range of 1250-8000 Hz. The FS performed the 

best with an average reduction of 4.6 dB with a best performing case with average reduction of 8.5 dB. The second 

best serrations, US-TOP had an average reduction of 2.6 dB and a best case of 5.4 dB. The third best serrations, US-

BOT resulted in an average reduction of 1 dB over all cases.  

According to the new results FS is still the best type of serrations with an average reduction over all cases of 5.1 dB 

over 1250 – 8000 Hz and even 5.6 dB over 1000-10000 Hz. However, the wider range is not comparable to the old 

case. A best case was found to reduce noise with 8 dB in the short range. The US-TOP configuration showed an 

average reduction of 2.4 dB and the US-BOT an average of 1.4 dB.  

The conclusions drawn from the new algorithm are similar to the conclusions from the previous method. Still, the 

determined performance in noise reduction seems to be slight better. This could be because of the lower noise levels 

in TE noise obtained from the lower frequencies, emphasizing the more relevant higher frequencies. 
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5 Conclusions and Recommendations 

The goal of this research was to evaluate an extension of the CLEAN-SC algorithm, applied to TE noise. The Algorithm 

consisted of two steps. The first deconvolution step by linear regression based on theoretical PSF and a second 

iterative deconvolution based on empirical PSF. It was found that the first step yields robust results. The second step 

can provide non-physical results and was found less robust.  

The spurious corner sources exhibit high levels, often exceeding that of the TE sound power. 

Scaling rules were applied on the TE noise data which resulted in a good data collapse, which confirmed that the 

obtained TE noise results behave as expected according to literature.  

The algorithm was able to separate the noise from other sources for frequencies above 1 kHz. Below this value the 

resolving power was not sufficient.  

The conclusions on the use of serrations for the experiment have been confirmed by the results coming from the new 

algorithm. The serrations show an even better performance. The best type of serrations namely the flexible serrations, 

cause an average noise reduction of 5.1 dB compared to 4.6 dB according to the old method.   
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6 Figures 

 

Figure 1 - 2D source map of a single simulated source of 1000 Hz (left) and 2000 Hz (right) 

  

Figure 2 - Simulated source points (left) and fit points used for regression fit (right) 
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Figure 3 - Source maps of simulated sources obtained with Conventional Beamforming 

 

Figure 4 - Source maps of simulated sources obtained with the extension on the CLEAN-SC algorithm 



 

 

 

29 

NLR-TR-2016-504  |    

COMPANY CONFIDENTIAL 

COMPANY CONFIDENTIAL 

 

Figure 5 - Power spectrum of the simulated TE noise 

 

Figure 6 - DU-96-W-180 Airfoil, spanned between the end plates on the rotating balance, which sets different AoA 
automatically. The 0.38 × 0.51 m nozzle is shown behind the airfoil. 
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Figure 7 - Anechoic room with 0.5 m foam wedges 

 

Figure 8 - Microphone array on the suction side of the airfoil (0.6 m from the tunnel axis) 
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Figure 9 - Coordinate system for acoustic measurements 

 

a) 

 

b) 

 

c) 
d) 

Figure 10 - Assumed source points (a), fit points (b), measured source map (c) and simulated source map (d) at 1475 Hz 
of case with clean configuration 0 AoA and 70 m/s 
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Figure 11 - Assumed source distribution with line sources along LE corners 

 

Figure 12- Visualization of the flow near the end plate 
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Figure 13 - Set of fit points using lines (left) and all the points within a rectangle (right) 

 

Figure 14 - Source map on the test case with a black dot to represent the evaluation point 
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Figure 15 - Source maps of real case (a) and simulated regression fits from setup 65 t/m 70 (b t/m g) respectively at 
1000 Hz 
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Figure 16 - Source maps of real case (a) and simulated regression fits from setup 65 t/m 70 (b t/m g) respectively at 
1475 Hz 
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Figure 17 - Source maps of real case (a) and simulated regression fits from setup 65 t/m 70 (b t/m g) respectively at 
2500 Hz 
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Figure 18 – Narrowband noise spectra of TE noise calculated from regression fit for setups 28, 65, 66, 67, 68, 69 and 70 

 

Figure 19 - Difference in narrowband noise spectra of TE noise calculated from regression fit for setups 28, 66, 67, 68 
,69 and 70 compared with 65 
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Figure 20 - Location of each microphone, airfoil and endplates (dashed line) visualized  
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Figure 21 - Source map of real case (a) and simulated regression fits obtained with normal weighting (b), equalized 
weighting (c), inversed weighting (d) for 1475 Hz and similar for 2500 Hz (e, f, g and h) 
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Figure 22 - CLEAN source maps of third octave band data 
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Figure 23 - Trailing Edge source power distribution output for the test case at 1325 Hz for both regression and clean 
deconvolution step 

 

Figure 24 – Third octave noise spectra from the different noise sources for a clean configuration at 0.0 AoA and velocity 
70 m/s 
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Figure 25 – Third octave noise spectra from TE and summed spurious noise sources for a clean configuration at 0.0 AoA 
and velocity 70 m/s 

 

Figure 26 - Third octave noise spectra from TE and summed spurious noise sources for a clean configuration at 14.37 
AoA and velocity 70 m/s 
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Figure 27 - Third octave noise spectra from TE and spurious noise sources for a clean configuration at 0.0 AoA and 
velocity 40 m/s 

 

Figure 28 - Third octave noise spectra from TE and spurious noise sources for a configuration with FS at 0.0 AoA and 
velocity 70 m/s 
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Figure 29 – Third octave noise spectra of the upper LE corner noise source at 0.0 AoA and velocity 70 m/s 

 

Figure 30 - Third octave noise spectra of the lower LE corner noise source at 0.0 AoA and velocity 70 m/s 
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Figure 31 - TE noise spectra originated from pressure and suction side for a simulated NACA 0012 profile 
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Figure 32 – Velocity scaled noise levels for different cases (part 1) 
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Figure 33 – Velocity scaled noise levels for different cases (part 2) 
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Figure 34 - Velocity scaled noise levels for different cases (part 1) 
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Figure 35 - Velocity scaled noise levels for different cases (part 2) 
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Figure 36 - Velocity scaled noise levels for different cases (part 1) 
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Figure 37 - Velocity scaled noise levels for different cases (part 2) 
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Figure 38 – Noise spectra of new obtained data compared with old obtained data for a Clean TE and velocity 70 m/s 

 

Figure 39 - Noise spectra for clean TE at 70 m/s and different AoA 
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Figure 40 - Noise Spectra for different configurations compared (part 1) 
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Figure 41 - Noise Spectra for different configurations compared (part 2) 
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Figure 42 - Noise reduction for different serrations compared to clean TE (part 1) 
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Figure 43 - Noise reduction for different serrations compared to clean (part 2) 
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