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Wind power is one of the most reliable renewable energy sources and internationally installed capacity is increasing radically
every year. Although wind power has been favored by the public in general, the problem with the impact of wind turbine noise on
people living in the vicinity of the turbines has been increased. Low noise wind turbine design is becoming more and more
important as noise is spreading more adverse effect of wind turbine to public. This paper demonstrates the design of 10 kW
class wind turbines, each of three blades, a rotor diameter 6.4 m, a rated rotating speed 200 r/min and a rated wind speed 10
m/s. The optimized airfoil is dedicated for the 75% spanwise position because the dominant source of a wind turbine blade is
trailing edge noise from the outer 25% of the blade. Numerical computations are performed for incompressible flow and for
Mach number at 0.145 and for Reynolds numbers at 1.02x10° with a lift performance, which is resistant to surface contamina-
tion and turbulence intensity. The objectives in the design process are to reduce noise emission, while sustaining high aerody-
namic efficiency. Dominant broadband noise sources are predicted by semi-empirical formulas composed of the groundwork
by Brooks et al. and Lowson associated with typical wind turbine operation conditions. During the airfoil redesign process, the
aerodynamic performance is analyzed to reduce the wind turbine power loss. The results obtained from the design process
show that the design method is capable of designing airfoils with reduced noise using a commercial 10 kW class wind turbine
blade airfoil as a basis. Therefore, the new optimized airfoil showing 2.9 dB reductions of total sound pressure level (SPL) and
higher aerodynamic performance are achieved.
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Nomenclature L: span of the airfoil section

A, B: empirical spectral shape based on the Strouhal M: local blade inflow Mach number

number Te: effective observer distance

Ca drag coefficient Re:  Reynolds number

C: lift coefficient Re.:  Reynolds number based on chord

Dy directivity function SPL: sound pressure level

f frequency St: Strouhal number (f5°/U)

G empirical function St": Strouhal number based on h

h trailing edge thickness Sthea: peak Strouhal number (Stfea(h/S :Vg))

K;: empirical relation (Ky(Re.)) U: local mean velocity

AK;:  empirical relation (AK (¢, Res:)) a: angle of attack

5 boundary layer displacement thickness

*Corresponding author (email: solee@snu.ac kr) §:Vg: average displacement thickness for both sides of
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the airfoil
¥ solid angle between both airfoil surfaces just up-
stream of the trailing edge

1 Introduction

Wind power has come into footlights as alternative energy
sources to substitute for the fossil fuels. The installed ca-
pacity is increasing radically every year. However, wind
turbine noise is one of the major hindrances for the wide-
spread use of wind power. The noise source mechanisms
must be investigated in order to reduce wind turbine noise.
Therefore, comprehensive research efforts have been per-
formed to improve the understanding of wind turbine
aeroacoustics and develop the low noise blades in the
Europe JOULE-III project and U.S. NREL [1, 2]. For those
researches, aerodynamic noise from the blades is generally
considered to be the dominant noise source, provided that
mechanical noise is adequately reduced [3]. The aerody-
namic noise sources can be divided into low-frequency
noise, inflow turbulence noise, and airfoil self-noise. Low-
frequency noise is generated when the rotating blade en-
counters localized flow deficiencies due to the flow around
a tower, inflow gradients, or wakes shed from the other
blades, and is considered to be of little importance if the
rotor is placed upwind the tower [3]. Inflow turbulence
noise is caused by the interaction of upstream atmospheric
turbulence with the leading edge of the blade, depends on
the atmospheric conditions, and causes a broadband radia-
tion [3]. Airfoil self-noise is mainly associated with the
laminar or turbulent boundary layer on the blade surfaces.
This type of noise can have tonal or broadband characteris-
tics, and is considered to be caused by several mechanics,
such as trailing edge noise, laminar boundary layer vortex
shedding noise, tip noise, separated or stalled flow noise,
and blunt-trailing-edge noise [3].

The work presented herein focuses on the numerical
aerodynamic and aeroacoustic analysis of low noise airfoils
that are candidates for use on small wind turbines having
rated power of 10 kW. However, without knowledge of
both the aerodynamic and aeroacoustic performance of air-
foils, it is frustrating in making decisions on new blade de-
signs. This is particularly true for small wind turbines,
which operate at low Reynolds number of about 1 million,
at which airfoil aerodynamic characteristics are both sensi-
tive and difficult to predict. Thus, it is important to be con-
ducted by the numerical methods which can predict the
dominant components of noise sources reliably. This paper
describes the design optimization procedure of a low noise
airfoil. The numerical optimization works directly on the
airfoil shape providing a direct and interactive design pro-
cedure, where multiple design objectives for aerodynamics
and aeroacoustics may be treated simultaneously. Wind
turbine noise sources are predicted by numerical methods
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and empirical formulas. After the optimization procedure is
applied to this result, the new optimized airfoil is derived.

2 Method for airfoil design

The airfoil design of wind turbine blades consists of com-
plex procedures generally. The work described herein fo-
cuses on the numerical optimization design of low noise
airfoil for use on small wind turbines. Hence, the optimized
airfoil geometry and extended blade were derived from de-
sign optimization procedures. The developed two-dimen-
sional airfoil and three-dimensional blade were validated
with flow analysis and noise analysis program which are
developed through the previous works [4, 5].

The two-dimensional airfoil design tool consists of three
phases: airfoil geometry generation, aerodynamic perform-
ance analysis, and noise analysis. It uses a direct method
where numerical optimizations are coupled with the flow
solver X-FOIL [4], which is a panel code with viscous in-
teraction, and the noise solver NAFNOISE which is a
semi-empirical code composed of Lowson’s equation for
turbulence inflow noise [6], and 2D empirical formulas of
Brooks et al. for airfoil self noise [5].

2.1 Design strategy

For airfoil design stage, the design variables are the control
points that describe the airfoil shape. In this case, there are
12 design variables which form the airfoil shapes, of which
6 are variables for a suction side, and the others for a pres-
sure side. Based on this airfoil shape result, flow analysis
was performed to provide C, or Cy near the design angle of
attack. In the noise analysis, turbulence inflow noise and
laminar boundary layer vortex shedding noise were not
considered. Because turbulence inflow noise (TIN) is
caused by natural atmospheric turbulence, TIN intensity is
mainly affected by the atmospheric turbulence and terrain
roughness at which wind turbines are located. For laminar
boundary layer vortex shedding noise, it is of minor impor-
tance due to surface contamination from bugs and dust in
the real operation condition. Hence, the design variables for
noise optimization are to reduce turbulent boundary layer
trailing edge noise. A passive optimization method was
used to avoid the large number of necessary flow and noise
calculations for abnormal airfoil shapes, and to develop the
low noise airfoil.

2.2 Flow analysis

Flow calculations during the optimization were conducted
using X-FOIL. For a given Re, Mach number, and angle of
attacks (AOAs), X-FOIL provides C) and Cy. The baseline
airfoil model is the blade section for use on commercial
small wind turbines having rated power of 10 kW. The wind
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turbine model uses the same airfoil throughout the blades
and its geometry factors and operation conditions are shown
by Table 1.

The previous experimental results showed that the
dominant source of a wind turbine blade is trailing edge
noise from the outer 25% of the blade [7]. For wind turbine
rotating blades, the airfoil which has 20% or more thickness
is generally used for the root airfoil, and has low lift to drag
ratio [8]. DU 91-W2-250 and DU 93-W-210 airfoils which
are developed for wind turbine airfoils have good aerody-
namic performance and their maximum lift to drag ratio
values are 80 or more [9]. According to the results of paper
survey, the baseline airfoil was selected to be located at
75% spanwise directional position. Consequently, the new
optimized airfoil was managed to be 75% blade position
from root to tip, and to have airfoil thickness 20% or less,
and to have maximum lift to drag ratio 80 or more around
the operation angle of attack.

2.3 Noise analysis

Early researchers, e.g. Brooks et al. [5] divided the noise
emission from wind turbines into five different sources: (1)
tip noise, (2) turbulent boundary layer trailing edge noise,
(3) laminar boundary layer vortex shedding noise, (4) in-
flow turbulence noise, (5) blunt trailing edge noise. The
intensity of turbulent boundary layer trailing edge noise is
known to be directly proportional to the turbulent boundary
layer thickness, &, and the fifth power of the mean velocity
or Mach number, M°, and inversely proportional to the
square of the distance between the observer and the airfoil
trailing edge. Turbulent boundary layer noise can originate
from both the suction and pressure sides of the airfoil. The
total sound pressure level is given as follows [11]:
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Table 1 Turbine geometry factors and operation conditions

Blade diameter 6.4 m
Hub height 18.0 m
Rated wind speed 10 m/s
Number of blades 3
Rated RPM 200
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Another source of airfoil self noise is vortex shedding
from a blunt trailing edge. This noise source will dominate
the totally radiated noise if the thickness of the trailing edge
is significantly larger than the thickness of the boundary
layer at the trailing edge. The sound pressure level is pre-
dicted by the empirical relation as follows [11]:
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Turbulent boundary layer trailing edge noise is generally
considered to be the most important source of airfoil self
noise for modern wind turbine blades of high-frequency
noise and is broadband [10]. This is the reason for focusing
on this source. Using these results of noise analysis, the
airfoil shape is redesigned through recursive procedures.

3 Results and discussion

Figure 1 illustrates the comparison of airfoil geometry be-
tween baseline and optimized airfoil. Though the optimized
airfoil shape is not different from the baseline significantly,
the thicknesses of the pressure side and suction side are re-
duced and the maximum thickness location is moved from
x/c =0.361 (baseline) to x/c = 0.372 (optimized airfoil). The
maximum thickness of baseline and optimized airfoil is
0.211 and 0.173 in respect to the chord length, respectively.
Figures 2 and 3 show the lift coefficients and lift to drag ra-
tios of baseline and optimized airfoil, respectively. Figure 4
also shows that the C//Cy of the optimized airfoil is about 90
near the design angle of attack, 7°, and improved by 51% in

comparison with that of baseline for Re =1.02x 10° . These

results are satisfied with the desired aerodynamic perform-
ances.
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Figure 1 Airfoil geometry comparison (baseline and optimized airfoil).
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Figure 2  Lift coefficients for baseline and optimized airfoil.
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Figure 3 Lift to drag ratios for baseline and optimized airfoil.
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Figure 4 SPL spectra for baseline and optimized airfoil.
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To measure noise levels, the A-weighted scale is widely
used. Because noise is experienced at a wide range of fre-
quencies and the human ear dampens low frequencies in
these ranges. Here, sound pressure level (SPL) without
A-weighted scale is used to investigate the noise reduction
of the optimized airfoil and wind turbine blade. There are
previous results that noise levels without A-weighted scale
are more appropriate than noise levels with A-weighted
scale because the detectable amount of noise reduction with
A-weighting is very weak [11].

Figure 4 illustrates that the integrated spectrum for the
optimized airfoil has similar shapes as the baseline spectrum,
but seems to be shifted toward high frequencies below 2500
Hz ranges. The peak level is the summation of the two dif-
ferent components: suction side, and separated flow. Since
the overall thickness is reduced in the optimized airfoil, the
boundary layer thickness is also reduced and the turbulent
eddies passing the trailing edge in the boundary layer have
small scales. That is considered to be the reason why SPL
shifted toward high frequencies ranges. It is known that the
length-scale of the turbulent eddies is the important pa-
rameters describing the boundary-layer turbulence [3]. In
the higher frequency range above 5000 Hz, the integrated
spectrum for the optimized airfoil has the same shape as the
baseline spectrum. The pressure side turbulent boundary
layer trailing edge noise is dominant in these ranges. Howe
[12] showed that the exactness of the trailing edge is of im-
portance only for relatively high frequency and trail-
ing-edge noise can also be reduced by giving the trailing
edge a serrated shape. Hence, the design optimization in-
cluding trailing edge modification should be investigated to
reduce high frequency noise components for the future
works. Figure 4 also shows that the overall SPL reduction
of the optimized airfoil at an angle of attack 7° is 2.9 dB.
Thus, the result when analyzing the SPL is that it is possible
to reduce the noise emission compared to the baseline air-
foil and the new optimized airfoil showed a higher aerody-
namic performance.

4 Conclusions

Airfoil low noise design optimization was carried out on a
10 kW-class wind turbine with one baseline blade. The air-
foil was developed considering low noise and high aerody-
namic performance. For this purpose, the flow analysis tool,
X-FOIL, and the noise analysis tool, WINFAS, were used.
The new optimized airfoil was managed to be 75% blade
position from root to tip and the C\/C, of the optimized air-
foil was about 90 at the design angle of attack, 7°, and im-
proved by 51% in comparison with that of baseline. SPL
without A-weighted scale was used to investigate the noise
reduction because the detectable amount of noise reduction
with A-weighting is very weak. The integrated spectrum for
the optimized airfoil has similar shapes as the baseline
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spectrum, but seems to be shifted toward high frequencies
below 2500 Hz ranges and the overall SPL reduction of the
optimized airfoil at the design angle of attack is 2.9 dB.

This work is the outcome of a Manpower Development Program for Energy
& Resources supported by the Ministry of Knowledge and Econony (MKE).
This work was supported by New and Renewable Energy R&D Program
(Grant No. 2009T100100231) under Ministry of Knowledge and Economy,
Republic of Korea.

3

4

Oerlemans S. Wind tunnel aeroacoustic tests of six airfoils for use on
small wind turbines. NREL SR-500-35339, 2004

Guidati G, Bareiss R, Wagner S, et al. Development of design tools
for reduced aerodynamic noise wind turbine. Proc. of the European
Union Wind Energy Conference and Exhibition, Goteborg, 1996.
778-781

Wagner S, Bareiss R, Guidati G. Wind Turbine Noise. Berlin Hei-
delberg: Springer-Verlag, 1996

Drela M. An analysis and design system for low Reynolds Number

Sci China Tech Sci

10

12

January (2010) Vol.53 No.1 79

airfoils. Conference on Low Reynolds Number Aerodynamics, Uni-
versity of Notre Dame, Indiana, USA, 1989

Brooks F T, Pope D S, Marcolini M A. Airfoil Self Noise and Predic-
tion. Washington, D C: NASA Reference Publication, 1989

Lowson M V. Assessment and prediction model for wind turbine
noise: 1. Basic aerodynamic and acoustic models. Flow Solution Re-
port. Bristol: Flow Solutions Ltd., 1993, 93/06, 1-46

Oerlemans S, Fisher M, Maeder T, et al. Reduction of wind turbine
noise using optimized airfoils and trailing-edge serrations. AIAA J,
2009, 47: 1470-1481

Giguere P, Selig M S, Tangler J L. Blade design trade-offs using
low-lift airfoils for stall regulated HAWTs. ASME/AIAA Wind En-
ergy Symposium, Reno, Nevada, USA, 1999

Frank B, Sgrensen N, Johansen J, et al. Risg-R-1280, wind turbine
airfoil catalogue. Risg National Laboratory, Roskilde, Denmark, 2001
Migliore P, Oerlemans S. Wind tunnel aeroacoustic test of six air-
foils for use on small wind turbines. ASME, 2004, 126: 974-985

Bak C, Bertagnolio F, Madsen H A. Design of low noise airfoil with
high aerodynamic performance. Proceedings of the Third Interna-
tional Meeting on Wind Turbine Noise, Aalborg, Denmark, 2009
Howe M S. Noise produced by a sawtooth trailing edge. J Acoust Soc
Am, 1991, 90: 482487




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


