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Abstract

To reduce airfoil self-noise from a 10 kW wind turbine, we modified the airfoil shape and planform of a wind turbine blade. To obtain
the optimal blade design, we used optimization techniques based on genetic algorithms. The optimized airfoil was first determined based
on a section of the rotor blade, and then the optimized blade was designed with this airfoil. The airfoil self-noise from the rotor blades
was predicted by using a semi-empirical model. The numerical analysis indicates that the level of the airfoil self-noise from the optimized
blade is 2.3 dB lower than that from the baseline blade at the rated wind speed. A wind tunnel experiment was also performed to validate
the design optimization. The baseline and optimized rotors were scaled down by a factor of 5.71 for the wind tunnel test. The experimen-

tal results showed that airfoil self-noise is reduced by up to 2.6 dB.
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1. Introduction

Wind energy is one of the fastest-growing renewable energy
resources. Although most wind turbines installed today are
large, small wind turbines are also receiving attention because
they can supply electricity in off-grid areas and can be in-
stalled close to a residence. However, because small wind
turbines are generally installed in the vicinity of a dwelling,
the noise from the wind turbine can annoy people who live in
the surrounding area. Thus, reducing the noise of small wind
turbines is important.

The aerodynamic noise generated from wind turbine blades,
which is the dominant noise source of a typical wind turbine,
is divided into two noise sources: turbulence ingestion noise
and airfoil self-noise [1]. The turbulence ingestion noise is
generated as the result of the interaction between atmospheric
turbulence and the wind turbine blades, whereas the airfoil
self-noise is generated without the existence of any atmos-
pheric turbulence. The airfoil self-noise is composed of turbu-
lent-boundary-layer trailing edge noise, laminar-boundary-
layer vortex shedding noise, separation noise, and trailing
edge bluntness noise [2]. Among these noise sources, the tur-
bulent-boundary-layer trailing edge noise is the main noise
source in typical operating conditions [3]. Accordingly, wind
turbine noise can be reduced by controlling the turbulence
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ingestion noise and the trailing edge noise.

However, because the turbulence ingestion noise has little
relation to the shape of the wind turbine blade but is instead
dependent on the inflow velocity and the turbulence character-
istics, reducing the noise levels associated with it is difficult.
On the other hand, the trailing edge noise can be reduced by
altering the turbulent boundary layer structure or the trailing
edge shape. For this reason, several attempts have been made
to reduce the trailing edge noise by modifying the airfoil shape
or attaching noise reduction materials to the blades [4-6]. How-
ever, most of these studies have focused on two-dimensional
flow, and only a few studies have practically applied these
techniques to the design of wind turbine blades [7, 8].

The purpose of this study is to reduce the airfoil self-noise
generated from a 10 kW wind turbine rotor. In this study, the
airfoil self-noise is reduced by modifying the airfoil shape and
the blade planform, while the operating schedule and the rotor
diameter remain fixed. To obtain the optimal designs of the
airfoil shape and the blade planform, we use optimization
methods that involve genetic algorithms. In designing our
optimal blade, the optimized airfoil is first determined based
on a section of the baseline blade. The optimal blade is then
designed with this optimized airfoil.

2. Airfoil design optimization

2.1 Baseline wind turbine model

A 10 kW wind turbine was selected as the baseline wind
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Fig. 1. Rotational speed and power output with respect to wind speed.

turbine. The baseline wind turbine is a three-bladed horizontal
axis wind turbine. This turbine has a rotor diameter of 8 m and
a hub height of 18 m. It reaches its rated rotational speed of
180 RPM at a wind speed of 10 m/s. Fig. 1 shows the rota-
tional speed and the power output with respect to wind speed
for this wind turbine.

2.2 Airfoil optimization procedure

To reduce airfoil self-noise generated from the wind turbine
blades, the blade section was modified from that of the base-
line blade by using an optimization method. Since airfoil self-
noise is mainly generated in the outboard region of wind tur-
bine blades, the outboard section should be redesigned for
noise reduction. In this study, the blade section at »/R =0.75
was selected as the baseline airfoil. To modify the baseline
airfoil, shape functions were added linearly to the airfoil ge-
ometry by using the method proposed by Hicks and Henne [9].
A total of six shape functions, shown in Eq. (1), were applied
to the upper and lower surfaces.
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Fig. 2. Airfoil shape functions.

shape functions, respectively. The six shape functions are
plotted in Fig. 2.

A multi-island genetic algorithm was used to determine the
optimal values of the shape function coefficients [10]. The
objective function for the optimization was defined as the
overall sound pressure level of the trailing edge noise because
previous studies showed that it is the main noise source of
wind turbine noise [3]. The Reynolds number, Mach number,
and angle of attack used in the calculation were Re = 1.32 %
106, M =0.167, and a = 4°, respectively. These values corre-
spond to the aerodynamic conditions of the blade section at
r/R = 0.75 for the rated wind speed. In addition, the span and
chord length used in the calculation were 3.6 m and 0.3423 m,
respectively; the chord length is identical to that of the blade
section at » = 0.75R. The observer was located upwards from
the trailing edge, and the distance from the trailing edge to the
observer was 3 m.

A semi-empirical model proposed by Brooks, Pope, and
Marcolini [2] was used to predict the overall sound pressure
level of the trailing edge noise. They performed extensive
wind tunnel experiments to measure airfoil self-noise from
NACAOQ012 airfoil models. The semi-empirical model was
developed based on the results of these experiments. Accord-
ing to [2], the one-third octave band sound pressure level
(SPL) of trailing edge noise can be described by

SPLpy = 1010g(105PL“/10 L1010 4 1050/ “’) @)
where
& M°ID St,
SPL, =10log -7 +4 St +(K, -3)+AK,
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In Eq. (2), 8, St, I, D indicate the boundary layer displace-
ment thickness, Strouhal number, wing span, and stream-wise
noise directivity, respectively. The subscripts p, s, and «
represent the pressure side, suction side, and nonzero angle of
the attack effect, respectively. Functions A and B define
the spectral shapes of the trailing edge noise. St; and St, are
the peak Strouhal numbers where the trailing edge noise is
maximum. K; , K,, and AK; are empirical constants to adjust
the level of trailing edge noise. The definitions of the spectral
curves, the peak Strouhal numbers, and the empirical con-
stants are described in Ref. [2].

For the directivity function, this model uses a cardioid-type
directivity pattern, which is the theoretical directivity for a
semi-infinite flat plate. This directivity is based on the as-
sumption that the chord length is much larger than the domi-
nant acoustic wavelength, which was not satisfied in the pre-
sent calculation. However, in the present case, the noise was
predicted for an observer normal to the airfoil chord. Accord-
ingly, the results would be unaffected by this directivity; the
directivity function simply equals one.

The displacement thicknesses of the suction and pressure
side boundary layers in Eq. (2) were calculated by using
XFOIL code [11]. The angle of attack used for the calculation
of boundary layer displacement thickness was based on the
aerodynamic angle of attack at a zero lift angle.

Although the sound pressure level of the airfoil self-noise
was reduced by using the optimization procedure, the aerody-
namic performance of the modified blade should not be worse
than that of the baseline blade. In this optimization procedure,
a constraint condition was chosen to not only maintain but
also enhance the aerodynamic performance of the optimized
airfoil; this condition is shown in Eq. (3).

L/Doptimized,a:4° > L/Dbaseline,a:4° x 160% (3)
where L and D are the lift and drag of the airfoil, respectively.
The XFOIL code was again used to calculate aerodynamic
properties such as lift and drag coefficients [11].

Moreover, the maximum thickness of the modified airfoil,
tmax Was also subject to a constraint. If the maximum thickness
of the optimized airfoil was thicker than that of the baseline
airfoil, the possibility of an increase in the blade weight exists.
On the other hand, if the maximum thickness was thinner than
the baseline, a structural problem may arise in the inboard
region. Thus, the constraint condition in this optimization
procedure was chosen, as shown in Eq. (4).

t =t ;
_5%< max max,baseline <5%
Zmax,baseline (4)

Although the object function was defined as the level of the
trailing edge noise, the trailing edge bluntness noise was also
calculated to evaluate the airfoil self-noise of the baseline and
optimized airfoils. The trailing edge bluntness noise was pre-
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Fig. 3. Calculated sound pressure level of modified airfoil during the
optimization; black indicates runs that satisfy the constraint conditions;
gray indicates runs that did not satisfy the constraint conditions.
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Fig. 4. Geometries of the baseline and the optimized airfoils.

dicted by the same model proposed by Brooks, Pope, and
Marcolini [2]. The trailing edge thickness normalized by the
chord length was 0.0082, and the flow angle was 22°, which is
the solid angle of the airfoil surface near the trailing edge.

2.3 Airfoil optimization result

A total of 80000 runs were carried out. Calculated sound
pressure levels during the optimization procedure are pre-
sented in Fig. 3. The optimum design was obtained in the
73851™ run.

Fig. 4 presents the geometry of the baseline and optimized
airfoils. The maximum thickness was decreased from 21.6%
to 20.8% in the optimized airfoil. The trailing edge thickness
and solid angle at the trailing edge changed little after the op-
timization. Notably, the gradient of the airfoil shape was re-
duced in the vicinity of the trailing edge.

The overall sound pressure levels of the airfoil self-noise
with respect to the angle of attack for the baseline and opti-
mized airfoils are shown in Fig. 5. The result indicates that the
optimized airfoil generated less noise than the baseline airfoil
at positive angles of attack. The noise reduction of 3.3 dB was
achieved at an angle of 4°, which was the target angle for the
optimization. The reason for the noise reduction may be that
the decrease of the gradient near the trailing edge leads to a
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Fig. 5. Overall sound pressure levels of the airfoil self-noise for the
baseline and optimized airfoil. The airfoil self-noise is the sum of the
trailing edge noise and trailing edge bluntness noise.

decrease in the boundary layer displacement thickness.
Moreover, although trailing edge noise was the dominant
noise source of the airfoil self-noise, the trailing edge blunt-
ness noise level became comparable to that of the trailing edge
noise at negative angles of attack. This condition occurs be-
cause the boundary layer is thin at a low angle of attack,
which leads to a high ratio of trailing edge thickness to bound-
ary layer displacement thickness. The airfoil self-noise from
the optimized airfoil was higher than that from the baseline
airfoil at negative angles of attack due to the high level of the
trailing edge bluntness noise. However, this noise increase
would not be a problem because the angle of attack of wind
turbine blades is positive in typical operating conditions.

3. Blade design optimization

3.1 Blade optimization procedure

In the blade design procedure, the optimized airfoil obtained
from the previous section was identically applied to all the
blade sections. The blade planform was then optimized to
obtain the blade that generates the least airfoil self-noise. The
chord length distribution along the blade span was modeled as
a linear function, as seen in Eq. (5).

c=c x(r—ry)/R+c, (5)

where 7, is the distance between the hub cutout and the rotor
center, and R is the rotor radius. The twist distribution along
the blade span was modeled to be inversely proportional to the
blade radius, as shown in Eq. (6).

t=1x (}’/R)i[2 +1, (6)

Thus, a total of five variables (¢, ¢,, t1, £, and #;) were used
in the optimization procedure.

To design an optimized blade which has a low noise level in
a range of wind speeds, the overall sound pressure levels of
the trailing edge noise at wind speeds of 7 m/s and 10 m/s
were chosen as the objective functions. The optimization
problem had two objective functions, so the neighborhood
cultivation genetic algorithm, which is effective for optimiza-
tion problems with more than one objective function, was
used in this optimization procedure [12].

The trailing edge noise generated from the wind turbine
blades was predicted at a reference position according to IEC
61400-11 standard [13]. The reference position was located in
a downwind direction at a distance equal to the sum of the hub
height and rotor radius. For the prediction of the trailing edge
noise, each blade was divided into 20 equally spaced segments.
The semi-empirical model used in the previous section was
then applied to each blade segment. One-third octave band
spectra were obtained by summing up all the noise spectra of
the blade segments with respect to retarded time. The inflow
wind speed and the effective angle of attack at each blade
segment, which is necessary for the prediction of the trailing
edge noise, were calculated by using an in-house program
which employed the blade element momentum theory.

Three constraints were imposed in the optimization proce-
dure. First, to maintain the wind turbine performance in all
ranges of wind speeds, power outputs at wind speeds of 2.5, 4,
7, and 10 m/s were selected as constraints. In this study, to
enhance the wind turbine performance, the constraint condi-
tions were set as in Egs. (7a) to (7d).

Py smis > Py sy baseline X 103% (7a)
Pints > Piss vasetine X105% (7b)
Brnts > s pasetine X105% (7¢)
Bomss > Bomss baseline X105% (7d)

where P is the rotor power. Furthermore, to avoid increasing
the blade weight or applied load to the blade root, the chord
length and the solidity were selected as constraints, as shown
in Egs. (8) and (9).

Croot

> Croot,baseline (8)

0,
Olhaseline x95% <o < Opaseline (9)

3.2 Blade optimization result

A total of 20000 runs were carried out. The level differ-
ences of trailing edge noise between the baseline and modified
blades during the optimization procedure are plotted in Fig. 6.
The optimum design was obtained in the 13958" run.

Fig. 7 shows the chord and twist distributions for the base-
line and optimized blades. The twist angle for the optimized
blade was increased from that for the baseline blade. The
chord length at the root was slightly longer than that of the
baseline blade, whereas the chord length at the blade tip was
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Fig. 7. Chord and twist distributions for the baseline and optimized
blades.

shorter than that of the baseline blade.

The numerical predictions of the overall sound pressure
level for the baseline and optimized wind turbines are plotted
in Fig. 8. These predictions include not only trailing edge
noise but also trailing edge bluntness noise. The result indi-
cates that the optimized wind turbine generated less noise than
the baseline wind turbine at most wind speeds. The airfoil
self-noise was reduced by 2.3 dB at a wind speed of 10 m/s.
At wind speeds less than 5 m/s, little difference was observed
between the noise levels of the baseline and optimized blades.
However, in this range of wind speeds, the noise level of the
airfoil self-noise is small compared with that of typical back-
ground noise. Thus, airfoil self-noise reduction at low wind
speeds is unnecessary in most situations.

In addition, the prediction results show that the trailing edge
bluntness noise is negligible compared with the trailing edge
noise. However, for the optimized blade, the contribution of
the bluntness noise to the overall noise increased as the wind
speed increased.
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Fig. 8. Predicted overall sound pressure levels for the baseline and
optimized wind turbines. The airfoil self-noise is the sum of the trail-
ing edge noise and the trailing edge bluntness noise.

Fig. 9. Configuration for the small-scale wind turbine rotor test stand
in the anechoic wind tunnel.

4. Experiments

4.1 Experiment apparatus

A wind tunnel experiment was performed to validate the re-
sult of the design optimization. The experiment was carried
out in a semi-anechoic wind tunnel at Chungnam National
University. Fig. 9 shows a photograph of the wind tunnel test
system and the semi-anechoic chamber. The wind tunnel has a
cross section of 1.8 m X 1.8 m and is capable of generating
wind speeds of up to 35 m/s. The anechoic chamber has a total
volume of 211.9 m® and a cut-off frequency of 150 Hz, which
is far below the frequency of typical airfoil self-noise.

To evaluate the turbulence characteristics of the wind tunnel,
the turbulence intensity for the wind tunnel was measured by
using hot-wire anemometry. The measurement system was
composed of a hot-wire anemometry system (A.A.Lab.System
AN-1003) with a hot-wire probe (Dantec 55R01). The turbu-
lence intensity was measured at velocities of up to 30 mv/s. The
measurement results are presented in Table 1.

A test system for measuring wind turbine rotor performance
was developed and used in this experiment. The rotor per-
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Table 1. Turbulence intensity with respect to inflow velocity.

Inflow Turbulence Inflow Turbulence
velocity (m/s) intensity (%) velocity (m/s) intensity (%)
5 0.3853 20 0.2722
10 0.3181 25 0.2705
15 0.3275 30 0.2563

formance was recorded by using a PC-based data acquisition
system. The experimental data was measured by using the
LabVIEW7.1™ software. In the rotor test stand, a rotating
balance that consists of a full-bridge strain gage was installed
to measure the thrust and the hub moment. The rotor test stand
was overspread with a windshield along the direction of the
slipstream to minimize the interaction between the shear layer
with the supporting structure. A pitot tube was used to meas-
ure the wind tunnel velocity. Air temperature, air pressure, and
humidity were also recorded during the experiment.

The baseline and optimized rotors were scaled down by a
factor of 5.71 for the wind tunnel test. The small-scale rotors
had a diameter of 1.4 m, and their rotational speeds ranged
from 491 RPM to 1473 RPM. By increasing the rotational
speed of the small-scale rotor, the tip speed of the model
blades was set to be equal to that of the full-size 10 kW wind
turbine blades. Since the disk area of the small-scale rotors
was smaller than the cross section of the wind tunnel, the in-
teraction between the rotor blades and shear layer turbulence
was expected to be negligible.

For the measurement of trailing edge noise, the boundary
layers were tripped with dotted strips to ensure that the bound-
ary layers on the blades were fully turbulent. The height of the
dotted strip was determined by using the method proposed by
Alfredsson and Dahlberg [14]. The ratio of particle height to
the transition position can be described as Eq. (10).

k 32 Ry i
Q{(Re'*) 0.3172} (10)

where R, is the particle Reynolds number, and x is the transition
position where the dotted strips were attached. The particle
Reynolds number of 600 was selected in this experiment. The
dotted strips were attached at 10% chord from the leading edge.
Fig. 10 presents the small-scale blade with the dotted strips.

A total of six piezoelectric microphones (MG M360, 1/4"
free-field type) were used for noise measurements. The mi-
crophones were calibrated at 1 kHz to 94 dB with an accuracy
of +0.05 dB. They were located at distances of 2100 mm and
2,180 mm. Two of the microphones were placed in the rotat-
ing plane, while the other four microphones were placed near
the rotating plane at an offset of 30°. The acoustic signals
were acquired simultaneously by using an analog-to-digital
(A/D) converter (NI PCI-4472) installed in a personal com-
puter. The acoustic signals were recorded at a sampling fre-
quency of 100 kHz with a duration of 20 seconds. Anti-
aliasing filter was not used because the sampling frequency

0.5 T T T
o 04
]
=
=
203
=
b=
1)
S
202
)
E u Experiment (Baseline)
R 0.1 F . Experiment (Optimized) -
| Prediction (Baseline)
I ———— Prediction (Optimized)
1 1

1
4 6 8 10 12
Tip speed ratio, TSR

Fig. 11. Comparison of power coefficients between the experimental
data and prediction results.

was much higher than the audible range of frequency. More-
over, a trigger signal was created by a photo sensor which was
installed at the wind turbine rotating shaft. This signal was
also recorded in the computer via the A/D converter.

4.2 Experiment result

Fig. 11 compares the measured and predicted power coeffi-
cients with respect to tip speed ratio. During the measurements,
the wind speed was constant at 9 m/s. An offset was found
between the measured and predicted results. This error is pos-
sibly due to the mechanical losses in the rotor hub, which was
not considered in the numerical predictions. Furthermore, the
numerical results indicate that the power output of the opti-
mized blade was higher than that of the baseline blade in the
rated operating condition, which is at a tip speed ratio of about
7.5. However, little difference between the power coefficients
of the baseline and optimized blade was observed in the ex-
perimental results.

Fig. 12 shows the overall sound pressure level of the wind
turbine noise with respect to tip speed ratio. The airfoil self-
noise was reduced by up to 2.6 dB due to the design optimiza-
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tion. The A-weighted one-third octave band spectra for the
baseline and optimized blade are shown in Fig. 13, which
were measured at a tip speed ratio of 8. The large hump cen-
tered at about 4.5 kHz is the noise source due to trailing edge
noise. This hump decreased as a result of the modification of
the blade shape.

In addition, the broadband noise spectrum for the full-scale
rotor can be estimated by using the result of the small-scale
rotor tests. The peak frequency of trailing edge noise corre-
sponds to the peak Strouhal number, which is mainly related
to the Mach number and the angle of attack [2]. Since the tip
Mach number for the small-scale rotor matched that for the
full-scale rotor, the peak Strouhal number for the small-scale
rotor would be the same as that for the full-scale rotor. From a
simple calculation of boundary layer displacement thickness
using an empirical equation [2], the boundary layer displace-
ment thicknesses normalized by the chord length for the full-
scale rotor were estimated to be about 1.65 times smaller than
those for the small-scale rotor. Considering that the chord
length for the full-scale rotor is 5.71 times larger than that for
the small-scale rotor, the peak frequency for the full-scale

rotor would be about 1.3 kHz.

5. Conclusions

To reduce airfoil self-noise from a 10 kW wind turbine, we
modified the airfoil shape and the planform of the wind tur-
bine blade by using optimization techniques. In the optimiza-
tion process, the airfoil shape was first modified, and then the
blade planform was designed based on this optimized airfoil.
The results of the numerical predictions showed that the sound
level of the airfoil self-noise from the optimized blade was
2.3 dB lower than that from the baseline blade at a wind speed
of 10 m/s. Moreover, a wind tunnel experiment was per-
formed to validate the results of the design optimization. The
results indicate that the airfoil self-noise generated from the
wind turbine was reduced by up to 2.6 dB even though the
aerodynamic performance remained the same as that of the
baseline wind turbine. This optimization procedure could be
utilized for any wind turbine when reducing aerodynamic
noise is necessary.
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Nomenclature

A : Spectrum function for trailing edge noise
B : Spectrum function for angle-dependent trailing edge

noise

c : Chord length distribution (m)

€.  : Chord length at the root (m)

D : Directivity function

k : Particle height (m)

L/D  :Lift-to-drag ratio

/ : Span (m)

M : Mach number

P : Rotor power (kW)

R : Rotor radius (m)

r : Radial distance from rotor center (m)

Ve : Distance between hub cutout and rotor center (m)
Re : Reynolds number

v, : Distance from source to observer (m)

Ry : Particle Reynolds number

St : Strouhal number

t : Twist distribution (degree)

tmax - Maximum thickness of airfoil (%)
X; : Shape function coefficients

Y; : Shape functions

o : Angle of attack (degree)
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0 : Boundary layer displacement thickness (m)
o : Blade solidity
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