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Abstract

This chapter describes a wind tunnel experiment that was undertaken to investigate the
changes in the aerodynamic performance of a wind turbine due to the inclusion of a
2-Dimension (2D) airfoil with a serrated trailing edge designed to reduce the noise caused
by a wind turbine rotor blade. The restrictive condition for the serrated trailing edge
equipped with the use of a 2D airfoil was examined through the use of a wind tunnel
experiment after studying existing restrictive condition and analyzing prior research on
serrated trailing edges. The study was conducted according to Howe’s theory, which is a
cornerstone of the study of noise reduction effects produced by a serrated trailing edge.
For the serrated trailing edge equipped on a 2D airfoil, the wake distribution and the
relation to noise were analyzed in order to determine the restrictive condition in accor-
dance with Howe’s theory. The results indicated that an empirical formula or a theoretical
approach should consider changes in the boundary layer thickness of a 2D airfoil, so an
empirical noise prediction formula is suggested for the serrated trailing edge. Also, a
comparison and an analysis of the prediction and the experimental results for the noise
produced by the NACAOQ012 or the baseline airfoil equipped with a serrated trailing edge
suggested a novel formula for a 2D airfoil. Finally, the 2D airfoil noise data are compared
with wind tunnel test data by using an empirical formula estimation method.

Keywords: wind turbine noise, trailing edge serration, wind tunnel test, 2D airfoil noise
test, noise reduction effect
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1. Introduction

Studies on serrated trailing edges have been conducted in order to find solutions to noise
problems in the wind turbine rotor field. In 1991, Howe [1] suggested a theory to predict noise
reduction in a 2D airfoil with a serrated trailing edge. He defined the variables depending on
the shapes of the edges and identified differences in noise reduction depending on various
aspect ratios of serrated trailing edges. Based on Howe’s serrated trailing edge theory, Braun
[2] confirmed in 1999 that noise produced by a wind turbine rotor could be reduced by the
application of a serrated trailing edge with a diameter of 16 m, and observed that changes in
the frequency domains of noises occurred depending on the installation angles of serrated
trailing edges.

In 2009, Gruber and Joseph [3] reported the noise reduction effect and the boundary layer
thickness of a serrated trailing edge on a 2D airfoil by designing a 2D airfoil based on Howe's
theory. Oerlemans et al. [4] applied a serrated trailing edge to a 2.3 MW wind turbine rotor to
observe noise changes, and used the beam-forming method to confirm noise changes.

From 2010 to the current, Phillip [5] has been conducting a wind tunnel test on a sawtooth-
shaped trailing edge and a slit-shaped trailing edge, and has confirmed the noise reduction
effect and predicted noise changes based on Howe’s theory. Michel Roger [6] carried out a
wind tunnel test on five types of blush-shaped trailing edges. Based on the cross-section of the
2D airfoil of NACA65(12)-1, changes in the frequency components caused by variations in
wake and flow were recorded using a hot-wire anemometer. In 2012, Dennis Y.C. Leung [7]
applied a trailing edge with a 0° angle of attack to a 2D airfoil, and confirmed noise reduction
effects owing to changes in the aspect ratio of serrated trailing edges.

As mentioned above, the theoretical background of the previous studies was based on Howe's
theory, but among the experiments involving wind tunnel tests and the actual wind turbine
rotor tests, none showed improvements in both aerodynamic performance and noise perfor-
mance simultaneously. Also, the studies on the noise reduction effect of serrated trailing edges
only confirmed the noise reduction effects, while most of the studies on aerodynamic perfor-
mance also only showed changes in noise performance.

This study aimed to examine changes in both aerodynamic performance and noise reduction
by applying serrated trailing edges to 2D airfoils in a wind tunnel experiment. Also, this study
proposes a prediction model for noise reduction effects with the use of serrated trailing edges,
based on the experimental results obtained from the wind tunnel test.

2. Theoretical background of trailing edge serration

2.1. Noise reduction mechanism of trailing edge serrations

The noise reduction mechanism of trailing edge serrations was introduced by Howe based on an
experiment on trailing edge noises in a 2D airfoil [1]. Figure 1 shows the shape-related variables of
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Valley of serration

Peak of serration

Figure 1. Turbulent flow over a serrated trailing edge [1].

serrated trailing edges applied to 2D airfoils in this study. The noise reduction effects of the
serrated trailing edges were defined with the following criteria: span-wise wavelength (As),
amplitude of serrations (h), incline angle (0), main stream velocity (U), and acoustic frequency (w).

Howe’s theory of the noise reduction effect induced by the use of trailing edge serrations is
based on the following preconditions:

1. The airfoil of a serrated trailing edge has a plate shape, and the span of a rotor blade is
infinitive.

2. Noises are produced by the turbulent components that pass through the trailing edge with
a 0° angle of attack, under the condition that noises are only present in the trailing edge.

3. The Kutta condition is met, and the flow that passes through the plate-shaped airfoil has a
low Mach number.

4. Under the same flow conditions, the ratios between the amplitude of serrations and the
boundary layer thickness and the wake of 2D airfoils are constant.

Based on the above preconditions, Howe [1] proposed an equation for noise reduction accom-
plished by serrated trailing edges. Eq. (1) is a function which defines the noise reduction effect
(¥(w)) induced by trailing edge serrations with boundary layer thickness (o), span-wise wave-
length (A), and blade-tip clearance based on the turbulent fluctuation frequency (w) [1].

o, 1 @) ws kR
?(Tﬂ:‘ p— |!|1 +§'6 EE"I} f)lﬁ ,I:_anjel'i (1)

Eq. (2) was created with the root-to-tip distance set at “h > 0”, for the case in which a serrated
trailing edge is not used.
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Go(w) = (wd/ U1/ [(wd/ U) +'T @)

The noise reduction effects of serrated trailing edges are produced by changes in the noise
components of the turbulent boundary layers of 2D airfoils. At this time, the turbulence-induced
frequency is assumed to meet the condition, and the changes in the turbulent boundary layer of
serrated trailing edges resulted in the reduction of noises greater than the minimum. Also, under
the same boundary layer conditions, the varying noise reduction effects depend on the different
aspect ratios of serrated trailing edges [1, 8].

However, when a plate-shaped serrated trailing edge was applied to a 2D airfoil in an actual
experiment, it is impossible to meet the preconditions proposed by Howe, which entail an
experimental environment with a 0° angle of attack and a constant ratio between the blade-tip
clearance and the boundary layer thickness of serrated trailing edges.

In this study, the authors confirmed the preconditions proposed by Howe for the noise reduc-
tion effect brought about by the use of serrated trailing edges, and identified the factors
restricting the noise reduction effects when a serrated trailing edge is applied to a 2D airfoil in
a wind tunnel test. Also, the study proposed a model that predicts airfoil self-noises. In
addition, the study utilized the wind tunnel test results to review the validity of the noise
prediction empirical model for 2D airfoil self-noises, which was introduced by Brooks.

3. Experimental apparatus and procedures

3.1. 2-Dimension airfoil noise test

This study conducted a wind tunnel test on 2D airfoils in a closed test section with a size of
1.25 x 1.25 m by using the subsonic anechoic wind tunnel test facility at Chungnam National
University. The wind tunnel experimental apparatus was set up to measure aerodynamic
performance and noise reduction, as seen in Figure 2. To assess the aerodynamic performance
of 2D airfoils, a three-axis balance was used, whereas a pressure scanner system with 50
pressure holes and 50 channels was installed in order to measure the pressure distribution.
Also, a microphone system with a total of seven channels was installed to measure noises, as
shown in Figure 3. A wind tunnel experiment was measured in the low-speed semi-anechoic
wind tunnel at Chungnam National University. The volume of the anechoic chamber was
211.9 m® and the tapered anechoic chambers had a cut-off frequency of 150 Hz [9].

Figure 4 shows the 2D cross-section of the experimental models with a downscaled radius 75%
as large as the size of an actual rotor. The rotor blade had a chord length of 0.35 m and a span
of 1.249 m, and it was made of 60-class aluminum in order to minimize the possible structural
vibrations and noises of the experimental models during the wind tunnel test. The model was
installed with a structure supporting both ends (by fixing the upper and lower blades) and on
a turn table with 360° rotation, and the wind tunnel velocity and airfoil angles of attack could
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3 Axis Balance#?

Figure 2. Configuration of wind tunnel test stand for airfoil experiment.

be adjusted depending on the experimental conditions. The aerodynamic performance of the
experimental models was measured during the experiment by installing 2EA of three-axis
balance. The aerodynamic performance and noise performance were simultaneously mea-
sured by installing each three-axis balance in the upper and lower part of the wind tunnel test
section and by fixing both tips of the experimental model. The noise performance test was
conducted with a wind velocity of about 30 m/s (RE = 700,000) and a Reynolds number in
consideration of the downscaling of the rotor radius to 75% of actual size. Noises were
measured with a total of seven microphones, which were installed 1750 and 1830 mm away
from the trailing edge of the blade. In the 2D airfoil experiment, Figure 5 shows the total of
7 types of serrated trailing edges were tested together with airfoils; basic information about the
shapes of serrated trailing edges is described in Table 1. The wind tunnel test on 2D airfoils was
conducted in an open experimental section in order to measure the aerodynamic performance
and noise performance at the same time. In this case, precise calibration of the open experimental
section was necessary to measure aerodynamic performance. Wind tunnel tests in open experi-
mental sections are often subject to a simultaneous occurrence of flow stream line curvature and
down-wash deflection phenomena, which rarely happens in free-air conditions. These phenom-
ena resulted in a decrease in the angles of attack and the lift curve slope of the 2D airfoils, and
caused drag-changing shapes. The calibration methods suggested by Brooks & Marcolini [11]
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Top VIEW

L3=1250 mm

Figure 3. Layout of the microphone array for the 2D airfoil noise test in the open-jet wind tunnel.

and by Garner et al. [12] were applied; tunnel height and chord length were used as major
variables in the two calibration methods. The aerodynamics performance experiment results of
the 2D airfoil have been introduced by Ryi & Choi [8].

3.2. Noise measurement results of 2D airfoils with trailing edge serrations

Figure 6 shows the differences in noise levels between a 2D airfoil with a rectangular plate-
shape trailing edge and a 2D airfoil with serrated trailing edges. A noise value greater
than zero indicates the presence of a noise reduction effect. A noise value smaller than
zero indicates the absence of a noise reduction effect. It was observed that the noise effect
increased with an increase in the angle of attack, and the maximum noise reduction reached
about 3 dB.

These experimental results confirmed that the use of serrated trailing edges can improve
aerodynamic performance and noise performance. This study intended to confirm the noise
reduction effect of serrated trailing edges by applying trailing edge serrations to an existing
rotor system.
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— Baseline

Figure 4. Baseline airfoil test model [10].

Ld:'_r‘.r'emr:cs (dB ] - I“oaaef ine (dB ] - Lsermted TE (dB \] (3)

As seen in Eq. (3), the study compared differences in noise between the plane-shaped trailing
edge and the serrated trailing edge within the same frequency domain. As seen in Figure 7, the
results confirmed a noise reduction effect in the frequency range of about 500 Hz-20 kHz.

3.3. Experiment on wake characteristics of 2D airfoils with serrated trailing edges

If a serrated trailing edge is attached to a 2D airfoil, a noise reduction effect is produced.
However, in such a case, the basic preconditions suggested by Howe’s theory are not satisfied,
according to the results of previous experiments. This study assumed that the Howe’s precondi-
tion amplitude of serrations and the boundary layer thickness of 2D airfoils are constant, and this
is not satisfied. For this reason, the study set up the experimental apparatus to measure the wake
of 2D airfoils, as seen in Figure 8, and used a single axis hot-wire anemometer to measure the
wake in the y/C direction (span-wise) and in the z/C direction (wake-wise) of serrated trailing
edges as well as 8 different types of airfoils.

Figure 9 shows the results of the experiments conducted with eight types of airfoils. Because of
the shapes of the serrated trailing edges, measurements were taken at 240 mm. In the case of
2D airfoils with rectangular plate trailing edges, there were no changes in frequency in the
span-wise direction depending on the shapes of the serrations, and there were no abnormal
phenomena. However, this study assumes distinctive frequency patterns depending on the
shapes of serrations and the peak and valley positions. Therefore, the study demonstrated
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A-Rec. BO E-Skewed Tri-2
B-Normal Tri-1 F-Multi. Tri-1
C-Normal Tri-2 G-Multi. Tri-2
D-Skewed Tri-1

Figure 5. Serration trailing edge test model [10].

Serration type A/h 6 () ’}La (mm) 2h (mm)
Baseline N/A N/A N/A N/A
Rec80 N/A N/A N/A N/A
Nor. Tri (narrow) 0.5 7.125 20 80

Nor. Tri (wide) 2 26.565 80 80
Skew. Tri (narrow) 0.5 14.03 20 80
Skew. Tri (wide) 2 225 80 80
Multi. Tri (narrow) 1 28.07 40 80
Multi. Tri (wide) 2 26.565 80 80

Table 1. Serrated trailing edge configuration.
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Figure 6. Noise level difference of baseline airfoil with serration trailing edge.

differences in the components of vortex shedding frequency in the wake of the trailing edge
when serrated trailing edges were used, under the same operating conditions as for 2D airfoils.

3.4. Measurement of serrated trailing edge wake (included information)

The results of the wake measurement of 2D airfoils with serrated trailing edges in the y/C
direction revealed that frequency changes occurred depending on the peak and valley posi-
tions of the serrated trailing edges. Based on these experimental results, the wake in the z/C
direction was measured via the mean flow distribution, depending on the locations of the
serrated trailing edges in the span-wise direction. Figure 10 shows a conceptual diagram of the
wake measurement experiment in the z/C direction using the same experimental devices as for
the wake measurement experiment in the y/C direction. Figure 11 gives information about the
axial directions of serrated trailing edges and the wake measurement locations. The tip of the
serrated trailing edge was defined as the peak, while the inside of the serrated trailing edge
was defined as the valley. The wake measurement experiment was conducted by defining the
(X, y, z) axes of the tip of the serrated trailing edges as (0, 0, 0).

Figure 12 shows the results of the wake measurements of six types of serrated trailing edges.
When serrated trailing edges were attached, varying wake distributions were observed
depending on the types of serrated trailing edges. Boundary layer changes of the 2D airfoils
and different flow distributions in the peak and valley positions were observed. According to
these results, the precondition suggested by Howe to explain the noise reduction effect of
serrated trailing edges, that all the boundary layer thicknesses are constant, was not satisfied.
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Baseline Airfoil Noise Test
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Figure 7. Noise reduced effect for serration trailing edge.

Figure 8. Configuration of wind tunnel test stand for airfoil wake measurement system.
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Figure 10. Layout of wake measurement for serration trailing edge in the z-axis direction [8].
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Mh =2 (Wide)

Figure 11. Layout of serration plate [8].

4. Empirical formula for noise reduction prediction in 2D airfoils with
serrated trailing edges

In this chapter, we confirmed the noise reduction effect induced by serrated trailing edges and
identified changes in aerodynamic performance and noise performance. Thus, this study con-
firmed changes in the frequency components in the wake and the velocity distribution when a
serrated trailing edge was attached to a 2D airfoil.

Noise in a 2D airfoil is caused by the boundary layer between the surfaces of the blades, the
vortex in the blades, and blade interference. The noise in the wind turbine blade cross-section
is defined as self-noise, and different characteristics of self-noise were observed depending on
the cross-sectional shape of the blade, flow conditions, and angles of attack. As 2D airfoil self-
noises are usually caused by a combination of multiple factors, it is difficult to identify the
exact cause of changes. Brooks et al. [13] suggested an empirical prediction formula based on
the results of an aerodynamic noise experiment conducted on an NACAO0012 airfoil.

The current study suggests a noise prediction formula for serrated trailing edges using the
acoustic model suggested by Brooks, thickness and material for serration strip based on the results
of the aerodynamic noise test and the wind tunnel test conducted on serrated trailing edges [14].

SPLryyy = SPLygrrg — SPLgrration TE (4)

The 2D airfoil noises which occur in the wind tunnel test are often heavily influenced by
turbulent boundary layers. Based on this fact, Eq. (4) was designed to exclude those noise
components which can be altered by serrated trailing edges. Figure 13 presents information on
the noise components of 2D airfoils with serrated trailing edges.

Figure 14 shows the “Bell-Type” function for serration trailing edge about Frequency Domain.
As seen in Egs. (5)—(10), the results confirmed noise reduction effect for various aspect ratios of
serrations trailing edge [10] (Figure 14).
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Figure 12. Mean velocity distribution for the plate with different serrations measured in the z axis direction [8].

(a) Nor-mal-type serrations; (b) skewed type serrations; (c) multi-type serrations.
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The predicted sound field spectrum [10]
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4.1. Verification of performance of NACA0012 airfoil

The empirical formula for prediction of 2D airfoil self-noises by Brooks was developed based
on the results of an experiment conducted on an NACAOQ0012 airfoil. If an airfoil with a camber
or a serrated trailing edge is used, it is impossible to directly apply the prediction model
suggested by Brooks, because there can be changes not in the blade of a symmetric airfoil but
in aerodynamic performance. To predict noise under such conditions, the lift slope was cali-
brated to the baseline lift coefficient. Figure 15 gives information about the NACAQ0012 airfoil
with a serrated trailing edge in the wind tunnel test.
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Figure 14. Bell function for serration trailing edge about frequency domain.

To analyze the noise prediction performance of the NACAOQ012 airfoil, an experiment was
conducted under the conditions given in Table 2, and the results were used for a comparative
analysis. A comparative analysis of the differences between the experimental results and the
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Figure 15. NACAO0012 airfoil with serration trailing edge.
Model Lift coefficient AOA* Remark
NACA0012 0.50 5.03 N/A
Serration narrow 0.43 443 A/h=05
Serration wide 0.42 4.40 A/h=2

Wind speed =30 m/s.

Table 2. NACAO0012 airfoil test condition.

predicted results was carried out under a total of three conditions (one, a 2D airfoil without a
serrated trailing edge; and, two and three, the narrow and wide conditions of a normal tri-shaped

NACADD12
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Figure 16. The wind tunnel test and estimation for NACAQ012 airfoil condition.
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airfoil with a serrated trailing edge). The measurement of noises collected through the microphones
was used to calculate the cross spectrum between CHOO and CHO2, utilizing a noise prediction
program which was developed based on the empirical formula suggested by Brooks et al. [13].

Figure 16 shows the results of comparative analysis of the noise prediction values of the
NACAOQ012 airfoil with the actual measured values. The measured values are consistent with
the predicted values. Differences in the low frequency domain (300 Hz or below) can be
ascribed to the background noise of the anechoic wind tunnel test facility.

As seen in Figure 17, the noise reduction effect produced by a serrated trailing edge was
analyzed by applying the contents of the noise prediction formula for the NACA0012 airfoil
and the empirical formula suggested by Brooks et al. [13] for prediction of noises in the
serrated trailing edge, as seen in Egs. (5)—(10). After conducting an experiment under the
narrow condition, the predicted values were compared with the experimental values.
According to the prediction, noises ranging from 500 Hz to 10 kHz should be reduced by the
inclusion of a serrated trailing edge. Figures 17 and 18 shows the results of the experiment
conducted under the wide condition, as well as the results of the comparative analysis of the
predicted values and the measured values. In accordance with the prediction, it was found that
noises ranging from 300 Hz to 8 kHz were reduced (Figure 18).
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Figure 17. The wind tunnel test and estimation for NACA0012 with narrow serration plate.
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Figure 18. The wind tunnel test and estimation for NACA0012 with wide serration plate.
4.2. Verification of baseline airfoil performance

In this study, using the NACAQ012 airfoil, experimentally tested Brooks” noise prediction for-
mula and the noise prediction equation for the serrated tail edge are proposed. The prediction of
noise reduction in the baseline airfoil with the shape seen in Figure 19 was conducted, and the
predicted results were compared with the experimentally obtained values. Based on the results
of the wind tunnel test, the lift slope was calibrated to the baseline lift coefficient in order to
predict airfoil self-noises.

For the analysis of noise prediction of the baseline airfoil, an experiment was conducted under
the conditions given in Table 3, and the measured results were compared with the predicted
results. For a comparative analysis between the predicted values and the experimentally
obtained values, the experiment was conducted under a total of three conditions, the single

350mm

Figure 19. Baseline airfoil with serration trailing edge.
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Model Lift coefficient AOA* Remark
Baseline 0.59 4.60 N/A
Serration narrow 0.51 4.48 A/h =05
Serration wide 0.55 4.49 A/h=2

Wind speed =30 m/s.

Table 3. Baseline airfoil test condition.

condition of a 2D airfoil without a serrated trailing edge, and the narrow condition and wide
conditions of the normal tri-shaped airfoil with a serrated trailing edge, as was done with the
NACAOQ0012 airfoil. The noises collected through the microphones were used to calculate the
cross-spectrum between CHO and CH2, and a noise prediction program which was developed
based on the empirical formula suggested by Brooks et al. [13] was utilized to predict 2D airfoil
self-noises, as for the NACAO0012 airfoil.

Figure 20 shows the results of the comparison between the predicted values of the baseline
airfoil and the measured values. It was revealed that the disparities between the measured
values of the baseline airfoil and the predicted values were wider than those between the
measured and predicted values of the NACAOQ012 airfoil. Figures 21 and 22 show the predicted
results when a serrated trailing edge was applied to a 2D airfoil. As there were larger
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Figure 20. The wind tunnel test and estimation for baseline airfoil condition.
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Figure 21. The wind tunnel test and estimation for baseline airfoil with wide serration plate condition.

differences between the predicted values and the measured values in comparison to those of
the NACAO0012 airfoil, the study showed a similar performance prediction ability under the
conditions of interest.

When a serrated trailing edge was applied, noise reduction effects were observed both in the
experimental results and the predicted results obtained by the empirical formula, under the same
angles of attack. Also, they showed a similar frequency range where noises were reduced.
However, it was found that the predicted values were smaller than the experimental values.

4.3. Review of noise reduction effects of 2D airfoils with serrated trailing edges

This study examined the noise reduction effects between the NACAQ012 airfoil and the baseline
airfoil used by a wind turbine rotor, which is considered a standard airfoil, following
the application of serrated trailing edges. In this study, the validity of the noise reduction effect
was confirmed under the angle of attack set as a precondition. This study utilized Brooks’
empirical formula for noise reduction in 2D airfoils and the ‘Bell-type’ noise prediction empirical
formula in order to examine the noise reduction effect of serrated trailing edges. As mentioned in
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Figure 22. The wind tunnel test and estimation for baseline airfoil with wide serration plate condition.

the beginning of Section 4, however, this study has certain limitations, such as the range of noise
experiment results and the limited types of 2D airfoils.

There were differences in the installation angles of serrated trailing edges depending on the
shapes of the 2D airfoils, which may have caused variations in the frequency ranges of noise
reduction, even when the same serrated trailing edge was used. Such an effect was noted in
previous studies conducted from 1997 to 1999 in the JOULE-III program in Europe to measure
the noises generated by a wind turbine rotor [12]. If follow-up studies take this effect into
account, it may be possible to propose a more accurate noise prediction empirical formula than
the one reviewed by this study.

Another limitation is related to the prediction formula defined as “Bell-type” by this study.
This study conducted a 2D wind tunnel test on the noise reduction effect induced by serrated
trailing edges, based on the baseline 2D airfoil used in actual wind turbine rotors. The contents
of Figure 23 show the noise reduction prediction function of serrated trailing edges
(SPL gerration Tr) and the differences in the noise reduction prediction results between the
previously conducted baseline airfoil and the serrated airfoil. The results confirmed that the
noise reduction effect appeared as ‘Bell-type” in various aspect ratios (A/h) of serrated trailing
edges.
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Figure 24 shows both the predicted results and the experimental results of the noise reduction
effect induced by serrated trailing edges. The experimental results showed a ‘Bell-type” distri-
bution, but in some conditions, the distribution was more similar to ‘Cone-type’. If further
experiments are conducted based on the shape of serrated trailing edges, apart from the
experimental conditions used in this study, it may be possible to improve the accuracy of the
noise prediction formula.

5. Conclusion

A wind tunnel experiment was conducted on 2D airfoils, and the noise reduction effect was
examined based on aerodynamic performance. Using the wind tunnel test on 2D airfoils with
serrated trailing edges, wake distribution measurements and an analysis of their relationship
with acoustic characteristics were conducted in order to examine the restrictive conditions of
Howe’s theory. These experimental results confirmed that as changes occur in the boundary
layer thickness of 2D airfoils, an empirical formula or a theoretical approach which can reflect
these changes is necessary. This study suggested an empirical formula for the prediction of
noises in serrated trailing edges by utilizing the wind tunnel results on 2D airfoils with
serrated trailing edges, based on the acoustic model suggested by Brooks. Also, the wind
tunnel test results and noise prediction results of the NACAO0012 airfoil with serrated trailing
edges were compared with those of the baseline airfoil, and, through this comparative analy-
sis, the study suggested a new noise prediction empirical formula for 2D airfoils. The study
confirmed the validity of the proposed noise prediction formula by carrying out aerodynamic
performance testing and noise measurements on the NACAQ012 airfoil, the baseline airfoil,
and the serrated trailing edges. However, as the noise prediction formula for the serrated
trailing edges was an empirical formula that was based on limited experimental conditions,
errors may have arose because of factors including the installation angles of the serrated trailing
edges and the cross-sectional shapes of the 2D blades. To make up for the shortcomings in the
test results, additional wind tunnel tests need to be conducted, and in consideration of the test
results, further studies need to be conducted on the formation of a more accurate noise predic-
tion formula.
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Nomenclature

U velocity of the free stream (m/s)
As  span-wise wavelength (mm)

h amplitude of serrations (mm)
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W

acoustic frequency (Hz)

SPL  sound pressure level, dB re 20uPq
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