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Aerodynamic noise from
an asymmetric airfoil with
perforated extension
plates at the trailing edge

CK Sumesh and TJS Jothi

Abstract

This paper investigates the noise emissions from NACA 6412 asymmetric airfoil with different

perforated extension plates at the trailing edge. The length of the extension plate is 10mm, and

the pore diameters (D) considered for the study are in the range of 0.689 to 1.665mm. The

experiments are carried out in the flow velocity (U1) range of 20 to 45m/s, and geometric angles

of attack (ag) values of �10� to þ10�. Perforated extensions have an overwhelming response in

reducing the low frequency noise (<1.5 kHz), and a reduction of up to 6 dB is observed with an

increase in the pore diameter. Contrastingly, the higher frequency noise (>4 kHz) is observed to

increase with an increase in the pore diameter. The dominant reduction in the low frequency

noise for perforated model airfoils is within the Strouhal number (based on the displacement

thickness) of 0.11. The overall sound pressure levels of perforated model airfoils are observed to

reduce by a maximum of 2 dB compared to the base airfoil. Finally, by varying the geometric angle

of attack from �10� to þ10�, the lower frequency noise is seen to increase, while the high

frequency noise is observed to decrease.
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Introduction

Aerodynamic noise generated from airplane wings is an important noise source, and there is
a considerable demand for a viable noise reduction mechanism. Numerous research works
are carried out to address the noise emission from airfoils. One of the major noise sources is
the trailing edge interaction noise, where the flow structures in the turbulent boundary layer
over an airfoil interacts with the sharp trailing edge, thus generating the noise.1 The trailing
edge interaction noise has been studied by numerous researchers in subsequent years.2–5

Several active and passive techniques are introduced to reduce the trailing edge noise by
modifying the flow field and the scattering efficiency. Active methods include blowing/suc-
tion of fluid at the trailing edge, external acoustic excitation, and plasma actuators.6–8

Various passive techniques, such as serrations, porosity, and brushes at the trailing
edge,9–11 having different surface impedances, are used for trailing edge noise reduction.
The reason for the noise reduction is stated as the minimal scattering at the trailing edge.
Hayden12 observed that a solid surface has a larger impedance, and its sudden discontinuity
at the trailing edge enhances the scattering of the flow structures. This scattering efficiency is
seen to reduce by varying the surface impedance using the porous treatments and thus
mitigating the trailing edge noise. Bohn13 carried out experimental investigations in the
noise generated from a flat plate equipped with porous extensions in the streamwise direc-
tion of varying lengths at the trailing edge. He found that the noise reduction is frequency
dependent and is inversely proportional to the length of the flow wise extension, and the
noise reduction is due to the edge impedance control by an acoustic feedback mechanism.
Owls are well known for their silent flight, and the reason is attributed to the porosity nature
of its feathers that help in moving the flow from the pressure side to the suction side of the
wing.14 An Experimental study by Chanaud et al.15 reveals that the fan noise can be reduced
by 5 dB using porous blades compared to that of a solid blade. Fink and Bailey16 carried out
experiments on a wing model with perforated slat and flap and found a substantial reduc-
tion in the airframe noise. Khorrami et al.17 numerically studied the effectiveness of the
porous rotor tip treatment for the reduction of tip clearance noise in a turbofan engine.
Interestingly, the modification considerably reduced the noise just by altering the tip clear-
ance. Further, they reported a noise reduction of more than 20 dB without much penalty on
the aerodynamic performance.18 The effect of different porous airfoil on the trailing edge
noise reduction was experimentally analysed by Sarradj and Geyer10 and reported a noise
reduction up to 10 dB. They found that the noise reduction potential strongly depends on
the porous material properties like porosity and resistivity. Herr and co-workers19,20 con-
ducted acoustic experiments on flow-permeable trailing edges and showed the noise reduc-
tion potential of permeable materials at the trailing edge of the airfoil. Geyer et al.21 studied
the influence of porous material’s flow resistivity and established a relation between the
boundary layer parameters and noise reduction by the porous airfoil. The fully permeable
airfoil performs well on noise reduction but loses its aerodynamic performance compared to
a baseline airfoil. To overcome this limitation, Geyer and Sarradj22 used porous material
only to the trailing edge to make the airfoil partially porous and observed a far-field noise
reduction up to 8 dB with a negligible lift loss. The noise reduction capacity of the porous
material on vortex shedding tones and edge scattering noise by the convected eddies has
been numerically studied by Bae and Moon23 and reported a 3 dB reduction in vortex
shedding tonal peaks by breaking the special correlation of wall pressure fluctuations along-
side the trailing edge. Similarly, the porous material weakens the pressure fluctuations at the
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trailing edge that leads to 3 �10 dB reduction in edge scattering noise in a wide frequency
range. Jaworski and Peake24 conducted analytical studies to point out the effect of porosity
and elasticity on the interaction of turbulent structures with a semi-infinite poroelastic edge
and scaling behaviour of the trailing edge noise with flow properties using Wiener–Hopf
technique. Their results revealed that the far-field acoustic power has a scaling dependency
of U6 with the porous edge and U7 with the elastic edge, compared to the U5 dependence of a
rigid impermeable edge. Further, Herr et al.25 conducted acoustic tests on a DLRF 16 airfoil
model with a large variety of porous inserts at the trailing edge region 10% of the chord.
They reported a maximum broadband noise reduction of 2–6 dB with respect to the baseline
at frequencies less than 10 kHz and has a strong dependence on flow resistivity. An increase
in noise above 10 kHz is due to the surface roughness offered by the porous inserts. To
control the trailing edge scattering noise, Kisil and Ayton26 reported that the finite flat
porous extensions on an impermeable trailing edge mitigate the noise due to the interaction
of a convective gust at the trailing edge in a uniform steady flow. Jiang et al.27 carried out
wind tunnel experiments on blades with integrated porosity at the trailing edge to find out
the effectiveness on the acoustic scattering. They found that the pore geometry and aspect
ratio have a substantial impact on noise reduction.

The experimental studies conducted by Ali et al.28 on a flat plate with a porous trailing edge
insert revealed a significant reduction in the energy of the low frequency structures within the
boundary layer. The presence of a permeable surface significantly reduces the spanwise coher-
ence of these structures and leads to the abatement of scattering noise as well as the vortex
shedding noise from a blunt trailing edge. The hydrodynamic and acoustic fields of a solid and
porous metal foam trailing edge insert of a NACA 0018 airfoil were experimentally investigated
by Carpio et al.29 Their findings reveal that a larger permeability imparts higher attenuation in a
shorter frequency range (f< 1.6 kHz), while a smaller permeability provides lower attenuation
for a wider frequency range (f< 1.9kHz), and an increase in noise beyond these frequencies.
The results also revealed that for lower permeability inserts, the turbulent intensity and eddy
convection velocity is observed to reduce compared to the solid trailing edge, which decreases
the low frequency noise. The effect of wall normal permeable trailing edge on the turbulent
boundary layer noise generation is investigated by Zhang and Chong.30 They suggested that
since the noise sources are located very close to the trailing edge, a small porous coverage is
sufficient to obtain an appreciable noise reduction, and reported a maximum noise reduction of
7dB. Sumesh and Jothi31 discussed the noise characteristics of a thin airfoil having a line
distribution of holes adjacent to the trailing edge. The considered airfoil is found to be effective
in decreasing the low frequency noise up to the Strouhal number (based on the boundary layer
thickness) of 0.15. Recently, Zhang and Chong32 investigated the laminar instability noise
emissions in NACA 65(12)–10 airfoil having a porous trailing edge with the pore diameters
of 1, 2, and 3mm. They found that the broadband noise levels depend upon the hole diameters
and the length of the porous trailing edge. At a lower Reynolds number, the noise is seen to
decrease with the decrease in the hole diameter and increase with porous trailing edge length.

Porous treatments in airfoils are found to be beneficial in reducing the trailing edge noise
from airfoils. Numerous literature have discussed the mitigation of airfoil noise using the porous
structures, and the summary of the different porous conditions used by the researchers in the
past are tabulated in Table 1. In line with the works carried out in the literature on the
modifications of a trailing edge using a porous medium, the present work illustrates the
effect of perforations in the extension plates at the trailing edge over noise reductions. Albeit
the porous medium is widely utilised in the noise reductions in airfoils, the effect of perforated
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trailing edge plate on noise emissions is rarely investigated. The authors carried out a similar

study on noise reductions from a thin airfoil using a line distribution of holes adjacent to the

trailing edge.31 However, the hole size considered was higher (3mm diameter) and distributed in
a single line, while in the present study, perforated extension plates with a gradual variation of

the surface impedance are considered. A thin plate is extended from the trailing edge of an

airfoil for a length of 10mm. The extension plates have uniform diameter pores and are in the

range of 0.689 to 1.665mm. This paper investigates the systematic variation of the pore diam-

eters on the low- and high-frequency noise emissions from a NACA 6412 asymmetric airfoil.

Four plates of different pore diameters are considered for the noise study, and their comparisons

are made with the airfoil with a solid plate (no perforations) and a base model airfoil (without

an extension plate).

Experimental setup and instrumentation

Anechoic test facility

Far-field noise measurements are carried out in a semi-anechoic chamber facility of dimen-

sions 2.6m� 2.6m� 2.6m, as shown in Figure 1(a). The anechoic chamber walls are

adhered with a wedge made of polyurethane foam. The anechoic chamber is found to
have a cut-off frequency of 300Hz. An open-wind tunnel facility is erected inside the cham-

ber, where the airfoil test models are mounted for experimentation. Air is supplied to the

test-section by a cubically contoured nozzle having exit dimensions of 80mm in height and

200mm in width. The flow velocity (U1) is varied from 20 to 45m/s, and the corresponding

Reynolds number (Rec) based on the chord is in the range of 1.9� 105 to 4.2� 105. The

turbulent intensity measured at the centre of the nozzle exit plane is estimated to be around

0.2%. The airfoil is mounted in the test-section with its leading edge positioned at a down-

stream distance of 25mm from the nozzle exit, as shown in Figure 1(b), to minimize the

turbulent flow interactions at the leading edge. Further, the airfoil is placed between two side

plates in the test section to maintain a two-dimensional flow around the airfoil (Figure 2).

To avoid an additional noise due to the side plates, the airfoil has a span length larger than the
width of the nozzle exit. The considered height of the nozzle ensures that the free shear layer

Table 1. Features of the different porous mediums used by the researchers for noise reductions in airfoils.

Sl no. Literature Modifications in airfoil Pore diameter (mm)

1 Chanaud et al.15 Porous material fan blades 0.165 and 0.065

2 Fink and Baily16 Perforated trailing edge 0.061

3 Herr and Reichenberger20 Perforated plate at trailing edge 0.11

4 Herr et al.25 Porous material at trailing edge 0.1, 0.16, and 0.026

5 Jiang et al.27 Perforated trailing edge 0.8

6 Carpio et al.29 Porous material at trailing edge 0.45 and 0.8

7 Sumesh and Jothi31 Line distribution of circular holes adjacent

to the trailing edge

3

8 Zhang and Chong32 3D circular pore pattern at trailing edge 1, 2, and 3

9 Suryadi et al.33 Micro-perforated plate extensions at

the trailing edge

0.1 and 0.162

10 Carpio et al.34 3D circular pore pattern at trailing edge 0.8
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generated from the nozzle lips does not interact with the trailing edge, thus ensuring that the
entire airfoil is within the potential core of the free jet.

Test models

A NACA 6412 airfoil model is used for the experiments in the present study, which is
fabricated using the wire cut electro-discharge machining process. The airfoil is made of
aluminium material, having a chord (c) of 150mm and a span of 300mm (Figure 3(a)). The
trailing edge of the airfoil has a thin slit of� 0.5mm along its span to accommodate the
extension plates. In the present study, four extension plates having different pore diameters
are considered and are designated as M1, M2, M3, and M4 models (Figure 3(b)). The M1
model has the least pore diameter of 0.689mm, and the M4 model with the largest pore
diameter is 1.665mm. In addition, a solid extension plate with no perforation is considered
and is designated as M0. All the plates are 0.4mm thick and are inserted into the airfoil slit
as a tight-fit with 10mm projecting out of the trailing edge (Figure 3(a)). The noise from the
above extension plate airfoils is compared with a base model airfoil with no extension plate
attached. The different plates used in the study and their perforation features are shown in
Table 2, which are measured from a 2D microscopic surface images (Figure 4) taken using a
3D optical profilometer (Alicona make). All the models have the pores staggered in an
equilateral triangular array pattern, as shown in Figure 4. A fractional open area, b, of a
perforated plate is defined as the ratio of an open area to the total area of the plate. In
general, for a plate with a uniform distribution of constant diameter pores with a triangular
pattern arrangement, the open area ratio is expressed as,

b %ð Þ ¼ p�D2

2
ffiffiffi
3

p
P2

(1)

Figure 1. (a) Schematic diagram of the experimental setup, (b) side view of the test section, (c) front view
of the test section.
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where P is a pitch (spacing between the centres of the closest holes).35 The pore diameter is

seen to gradually increase for M1 to M4 airfoil models, as noted in Table 2; however, their

open area ratio variation is not uniform. Since the pitch of all the perforated models is

different, the open area ratio increases up to the M3 model, and the M4 model has the least

open area ratio. This variation calls for a discussion on the effect of an open area ratio on

the noise emissions. Therefore, as a special case, an additional perforated model (M2*) with

almost the same pore diameter as of M2 (�0.876) but with a lower open area ratio is

considered to study the effect of open area ratio on the noise emissions. Their respective

open area ratios are 42.9% and 45.6% (Table 2). The boundary layer formed over the airfoil

is tripped by a roughness tape adhered along the span to ensure a fully turbulent boundary

layer over the airfoil (Figure 2), and circumvent tonal noise due to the laminar boundary

layer and its instability. Therefore, the only aerodynamic noise source is speculated as to the

trailing edge scattering noise. The tape is 10mm in width and 0.4mm in thickness and has a

Figure 2. Photograph of an experimental setup.
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roughness of 140 mm. The boundary layer trip is located at 20% of the chord from the

leading edge on both the pressure and suction sides of the airfoil. In order to ensure a

smooth flow over the extended plates, the small interfacing step is covered by a thin alu-

minium adhesive tape on both sides of the airfoil.

Instrumentation and measurement procedure

The acoustic measurements are carried out using a quarter-inch condenser microphone of

PCB make (model No 378C01) at a polar angle of 90�. The microphone is positioned at y/c

� 4 above the midspan of the trailing edge for all the airfoil experiments, as seen in Figure 1.

The geometric angle of attack is varied from �10
�
to 10

�
at 5

�
intervals. The microphone is

connected to a 16-bit NI-DAQ card (NI PCI-6143), and the data are acquired at a sampling

rate of 150 kHz for a time duration of 10 seconds. The data is acquired using the LabView

software, and the post-processing is carried out using the Matlab software. Acoustic spectra

are plotted by carrying out the Fast Fourier Transform of the data with a bin-width of 4096

Figure 3. (a) Airfoil model with an extension plate inserted, and (b) different extension plates considered
for the study.

Table 2. Properties of the perforated plates used for experiments.

Sl.No.

Designation of

perforated plates

Pore Diameter

(D) (mm)

Pitch of

perforations

(P) (mm)

Open area

ratio (b) (%)
Holes per

square inch

1 M0 0 0 0 0

2 M1 0.689 0.991 43.8 759

3 M2 0.876 1.235 45.6 489

4 M3 1.290 1.793 46.9 232

5 M4 1.665 2.544 38.8 115

6 M2* 0.874 1.270 42.9 462
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samples resulting in a frequency resolution of 36.62Hz. The acoustic spectra are expressed

as the power spectral density (PSD) in dB/Hz by normalising the far-field acoustic pressure

with a reference pressure of 20 mPa. All the spectra in the present study are plotted with a

minimum frequency of 300Hz as it corresponds to the cut-off frequency of the anechoic

chamber. Repeated experiments at different times resulted in an uncertainty of �0.5 dB in

estimating the OASPL.

Results and discussion

This section describes the acoustic results of an airfoil attached with the different extension

plates and compared with the base model airfoil at different flow velocities and angles of

attack. Since the free stream turbulence of the flow approaching the leading edge is less than

0.2%, and the side walls are not in the vicinity of the jet flow, the leading-edge noise may not

be the dominant noise source.36

Noise from base model airfoil

This section investigates the noise emission from the NACA 6412 - base model airfoil.

Figure 5(a) compares the acoustic spectra of the base model airfoil and the background

Figure 4. Microscopic images of the perforated plates, namely, (a) M1, (b) M2, (c) M3, and (d) M4.
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noise (without airfoil) at the flow velocity of 45m/s. The noise levels of the base model
airfoil are well above the background noise (BGN) in the frequency range of 0.3 to 6 kHz.
Therefore, the acoustic spectra of airfoil noise are least contaminated by the background
noise in this frequency range, and the primary noise source is the trailing edge scattering
noise. The two spectra are observed to collapse above 6 kHz, and the noise above this
frequency can be safely neglected. Therefore, all the one third band spectra are plotted by
subtracting the background noise. Figure 5(b) shows the spectra of the base model airfoil at
zero angle of attack and different flow velocities. The noise levels gradually increase with an

Figure 5. (a) Spectral comparison of airfoil noise with the background noise at U1¼ 45m/s. (b) Spectra of
the base model airfoil at different flow velocities.
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increase in the flow velocity, more pertinently at frequencies below 3kHz. In addition, a
broadband hump is observed with a centre frequency of� 2.6 kHz at the flow velocities
greater than 30m/s. Since the centre frequency does not vary with the flow velocity, it is
conjectured that this noise is induced by the experimental facility. Since the trailing edge is
blunt with a thickness of� 0.5mm, the vortex shedding noise is avoided, as no tones are
noted in the spectra. The self-noise mechanism of the base model airfoil is compared with
the trailing edge scattering noise prediction of NACA 0012 airfoil by Brooks et al.5 in Figure
6 for flow velocities of 30 and 40m/s, and angles of attack of 0 and 10 degrees. The trailing
edge noise is observed to match with the predictions of Brooks et al.5 in the range of 1–3 kHz
at all velocities and angles of attack, however, with slight variations, which could probably
be due to the different airfoil shapes and measurement locations.

Figure 7 provides the scaled spectral plots of the base model airfoil at different flow
velocities. The scaling analysis is carried out based on the simplest noise reduction strategy
by Ffowcs-Williams and Hall,2 where they showed that the trailing edge noise is observed to
scale with the fifth power of free-stream velocity (U1). Further, it is also noticed that the
flow structures of the order of boundary layer thickness induce the trailing edge scattering
noise.37 For the present base model airfoil, the one-third octave band Sound Pressure Levels
(SPL) spectra are calculated at different flow velocities and is scaled with the fifth power of
the flow velocity and boundary layer displacement thickness d*, given as,

SPL 1=3 Scaled ¼ SPL1=3 � 50log10
U

U1

� �
� 10log10

d�

dref

 !
(2)

Figure 6. Comparison of the acoustic spectra of the base model airfoil with those of the predicted trailing
edge scattering noise of NACA0012 airfoil5 at different conditions.
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and

Std� ¼ fc d�

U1
(3)

where Std* is the Strouhal Number based on the boundary layer displacement thickness d*
and dref is the unit reference length for the SPL normalization.19 The displacement thickness

over the airfoil models at different flow velocities is estimated using the XFOIL.38 The

spectra are seen to collapse well in the Strouhal number range of� 0.01 and 0.15, which

signifies that the trailing edge noise is majorly contributed by the flow velocity and the

boundary layer parameter.

Noise from airfoils with extensions

This section describes the noise from different model airfoils and their comparison with the

base model airfoil. Figure 8 compares the spectra of different model airfoils with the base

model airfoil at 45m/s. Interestingly, the M0 model airfoil has the highest noise levels

compared to the base model and other perforated model airfoils at frequencies

below� 1.5 kHz. This is because the M0 model airfoil is without perforations, and it effec-

tively increases the chord length of the airfoil. This increases the lower frequency noise levels

due to an enhancement in the large eddy fluctuations at the trailing edge.39 The gradient of

the M0 model airfoil is observed to be similar to that of the base model airfoil, which

indicates that the noise generation mechanism is not altered due to the modification.

Further, the M0 model airfoil results in an acoustic scattering at the trailing edge due to

the sudden impedance mismatch similar to that of the base airfoil.40 An increase in the pore

diameter leads to a gradual decrease in the low frequency noise below� 1.5 kHz (Figure 8)

due to a decrease in the surface impedance of the airfoil models from M1 to M4. This

indicates that the perforations reduce the turbulent fluctuations, thus reducing the low

Figure 7. Normalised one-third octave band noise spectra of base model airfoil.
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frequency noise.26 Further, the reduction in the low frequency noise is also corroborated to
the decrease in the scattering efficiency at the trailing edge, as the slopes of the spectra of
perforated model airfoils show a gradual variation with an increase in the pore size.26,29 The
spectra in the frequency range of 1.5 to 2.2 kHz are almost the same for all the airfoil
models, which is speculated to the scattering of small-scale eddies over the airfoil, and
this noise is unaffected to the presence of the perforations.23 The comparison of the high
frequency noise above 4 kHz indicates that noise levels of M0, M1, and M2 model airfoils
are almost similar, while M3 and M4 model airfoils have higher noise levels. The reason for
this noise is speculated to the roughness effect offered by the cross-flow through the higher
diameter pores (M3 and M4 models) compared to the lower diameter pore models.21,22,29

To quantify the noise attenuated by the different perforated model airfoils (M1 to M4),
the reduction in their noise levels (DSPL), which is the difference in the sound pressure levels
of the base model and perforated model airfoils are plotted as a contour plot in Figure 9 as a
function of the free stream velocity. The positive DSPL in the contour map represents the
effectiveness of the perforated extension model airfoils in reducing the trailing edge scatter-
ing noise. All spectra show a dominant noise in the frequency range of 0.3 to 2 kHz.
A dashed line in Figure 9 represents a demarcation of a high and low DSPL region in the
spectra and connects the loci where the Strouhal number Std* is 0.11. The region Std*< 0.11
represents the trailing edge noise, which is in congruence with the literature.41 The spectral
contours reveal that all the perforated airfoil models have noise levels below the base model
in the lower frequency region. With an increase in the pore size, the noise levels from the
perforated model airfoil decrease. The maximum noise reduction for the M1 model airfoil is
around 4 – 5 dB and is seen to gradually increase with an increase in the pore diameter. A
maximum reduction is observed to be around 6 dB for the M4 model airfoil. Further, the
dominancy in the higher frequency noise by the perforated model airfoils is noted at the
higher velocities for M3 and M4 model airfoils, however feeble for M1 and M2 cases. The
high frequency noise of M3 and M4 models is larger by around 7 – 8 dB compared to the
base model airfoil at flow velocities higher than 35m/s. The reduction in the low-frequency
noise is observed at most of the flow velocities, while the high-frequency noise is noted only
at velocities above 30m/s. Thus, all the perforated model airfoils help to reduce the trailing
edge noise, however, with a compromise in the emission of the higher frequency noise for

Figure 8. Narrowband spectral comparison of different perforated model airfoils at U1¼ 45m/s.
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larger pore diameters airfoils at higher velocities.21 As stated earlier in Table 2, the M4

model airfoil has the least open area ratio than the other perforated model airfoils.

Therefore, to investigate the open area ratio dependence on noise, the spectral comparisons

are made for (i) M2 and M2* model airfoils having a similar pore diameter and different

open area ratios (45.6% and 42.9%, respectively), and (ii) M1 and M2* model airfoils

having an approximately a similar open area ratio and different pore diameters (0.689

and 0.874mm, respectively). These spectral comparisons are plotted in Figure 10 at the

flow velocities of 40 and 45m/s. The spectra of M2 and M2* model airfoils are almost

identical, with no appreciable difference at both velocities. The comparison of M1 and M2*

model airfoils indicate that the low frequency noise of the former airfoil is higher than the

latter. These comparisons conclude the fact that the noise reduction largely depends on pore

diameter rather than the open area ratio, which is in congruence with the findings of Herr

et al.25

The DSPL spectra of the perforated model airfoils (M1 to M4) at a flow velocity of 45m/s

are shown in Figure 11(a). The positive DSPL indicates the effectiveness of the higher

diameter pores in reducing the noise emissions within the frequency of 1.5 kHz. Further,

the DSPL gradually increases with frequency, and a maximum reduction of 6 dB is observed

at around 1.2 kHz for the M4 model airfoil. The DSPL in the frequency range of 1.5 to

2.2 kHz is almost similar for all perforated model airfoils, speculated to the scattering of

small-scale eddies over the airfoil.23 Beyond 3 kHz, DSPL is negative, thus indicating the fact

that the perforations are insignificant in reducing higher frequency noise. Moreover, the

high frequency noise tends to increase with an increase in the pore diameter, as discussed

Figure 9. DSPL spectral contours of (a) M1, (b) M2, (c) M3, and (d) M4 model airfoils.
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in Figure 8. The M4 model airfoil having the largest pore diameter is observed to have
higher frequency noise by around 6 dB. This leads to an important conclusion that a larger
pore diameter model airfoil (M4) suppresses the lower frequency noise and increases the
high frequency noise. In the case of a smaller pore diameter airfoil (M1), the increase in the
higher frequency noise is negligible, and the lower frequency noise reduction is considerable.
Figure 11(b) shows the DSPL plotted against the Strouhal number (StD) based on the pore
diameter D and flow velocity U1. These DSPL spectra show a good collapse in lower and
higher Strouhal number range of StD< 0.03, and 0.1 	 StD 	 0.4, respectively. This depicts
the fact that both the lower and higher frequency noise is influenced by the pore diameter of
the perforated models, as discussed in the earlier sections.

Figure 10. Spectral comparison of M1, M2 and M2* model airfoils at different velocities.

Figure 11. (a) DSPL spectra, and (b) scaled spectra of different perforated model airfoils at U1¼ 45m/s.
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Sound pressure level studies

The Overall Sound Pressure Level (OASPL) is calculated by integrating the mean square
acoustic pressure over the frequency range of 0.3 to 15 kHz and is plotted in Figure 12 for
different airfoil models with free stream velocity. The M0 model airfoil shows higher
OASPL above 25m/s when compared to perforated model airfoils and the base airfoil.
Interestingly, the OASPL of all the model airfoils are observed to have similar variation
for U1 
 25m/s. In the velocity range of 25 to 35m/s, the OASPL of all the model airfoils
has a velocity dependence of�U6:2

1 , and beyond 35m/s, the velocity dependence shifts
to�U7:4

1 . Since the OASPL variation in the former is proportional to the sixth power of
the velocity approximately, the corresponding noise could be due to turbulence scattering,
which behaves like a dipole source is in congruence with the findings of Jaworski and
Peake.24 The OASPL dependence on�U7:4

1 at higher velocities is presumed to the combined
effect of weaker quadrupole noise sources due to an increase in the effective chord length of
the airfoil, and shear layer noise from the nozzle lip.42 Further, all perforated model airfoils
show a reduction in OASPL as compared to the base airfoil.

It is understood that the perforated model airfoils efficiently reduce the lower frequency
noise, however increasing the higher frequency noise. Therefore, it is important to charac-
terize the performance of these airfoils in their respective frequency regions, where the
corresponding noise is dominant. The sound pressure levels are evaluated in the two fre-
quency bands, namely, (i) a low frequency band in the range of 0.3< fL< 2.2 kHz, and (ii) a
high frequency band in the range of 8< fH< 15 kHz. The ratio of the sound pressure levels
of the extension model and the base model airfoils in the low frequency band (fL) is shown in
Figure 13(a). At most of the velocities, the low frequency noise from the M0 model airfoil is
higher than the base model airfoil. The perforated model airfoils show a lower noise at all
the velocities above 25m/s compared to the base model airfoil, as their ratios are observed to
be lower than unity. The low frequency noise attenuation is prominent in the velocity range
of 25 – 35m/s, which may be due to the cross-flow across the perforations, which effectively

Figure 12. Variation of OASPL with flow velocity for different perforated model airfoils.
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reduces the scattering efficiency. Beyond 35m/s, the surface impedance of the perforated
models is expected to increase with velocity,43 thus lowering the noise attenuation. Similarly,
Figure 13(b) plots the ratio of sound pressure levels in the high frequency band (fH) for the
extension model airfoils to the base model airfoil. Apparently, no extension model airfoils
have a high frequency noise lower than the base model airfoil. The high frequency noise
levels of M0 - M2 model airfoils are comparable to the base model airfoil at different
velocities, while the same for M3 and M4 models are much larger (Figure 13(b)).
The increased surface roughness due to the higher pore diameter attributes to the high
frequency noise.21,22,29 These discussions concluded that the perforations help in reducing
the low frequency noise and increase the high frequency noise.

Figure 13. Variation of the ratios of (a) low frequency SPL and (b) high frequency SPL.
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Effect of angle of attack on noise

This section explains the effect of the geometric angle of attack (ag) of the various model

airfoils on noise attenuation. Experiments are carried out by varying the geometric angles of

attack in the range of �10� 	 ag 	 10� for the flow velocity of 45m/s. The corresponding

effective angles of attack are estimated to be in the range of �1.89
� 	 ae 	 1.89

�
.5 Figure 14

shows the acoustic spectra of the base model airfoil at a different angle of attacks for the

flow velocity of 45m/s. In the case of the base model airfoil, the low frequency noise below

1.3 kHz is sensitive to the angle of attack (Figure 14). The least noise is observed at a

ag¼�10
�
, and the noise levels gradually increase up to 5 dB with an increase in the angle

of attacks, which is in congruence with the experimental results of Hutcheson and Brooks.44

The contribution to this noise may be from the suction side of the airfoil, where the bound-

ary layer thickens with an increase in the angle of attack.5 However, beyond 1.3 kHz, a trend

reversal is observed, with not much variation in the spectra except at ag¼�10
�
. Also, similar

spectral behaviour is noted for the perforated model airfoils with respect to the angle of

attack, as shown in Figure 15. However, the dominance of the low frequency noise with an

angle of attack is observed up to 0.6 kHz for all the perforated model airfoils (M1-M4),

which is much lower than that observed for the base model airfoil (1.3 kHz). This is because

the perforated treatment at the trailing edge changes the flow pattern over the suction side of

the airfoil, thereby shifting the reattachment point towards the upstream and thus reducing

the interaction of the eddies with the trailing edge.23 However, beyond 0.6 kHz, a trend

reversal is observed with a noise dominance at a lower angle of attack, and a gradual

decrease in the noise with an increase of angle of attack. This may be due to the scattering

of small-scale structures over the airfoil at lower angles of attacks, which significantly

increase the noise level up to 2.2 kHz.

Figure 14. Spectra of the base model airfoil at different geometric angles of attack at U1¼ 45m/s.
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Conclusions

In the present study, the NACA6412 airfoil is attached with perforated extension plates at

the trailing edge, and its effect on aerodynamic noise is investigated. The pore diameters of

these extension plates are varied in the range of 0.689 to 1.665mm, and the length of the

plate extension is 10mm. Results showed that the perforated model airfoils are significant in

reducing the trailing edge noise. The low-frequency noise is observed to reduce with an

increase in the pore diameter, and a maximum of 6 –7 dB reduction is noticed for the M4

model airfoil. Subsequently, the perforations also increase the high frequency noise levels,

and this noise is observed to be dominant with M3 and M4 model airfoils that have larger

pore diameters. A reduction in the overall sound pressure levels by up to 2 dB is noticed with

the perforated model airfoils compared to the base model airfoil. The one-third octave

spectra of the base model airfoil is observed to scale well with the flow velocity and the

displacement boundary layer thickness, and a good collapse is observed in the Strouhal

number range of� 0.01 and 0.15. Further, DSPL spectra showed a good collapse in the

lower and higher Strouhal number (based on the pore diameter D) range of StD< 0.03

and 0.1 	 StD 	 0.4, respectively. An increase in the geometric angle of attack from �10
�

to þ10
�
increases the noise levels in the lower frequencies, however, increasing the noise

levels at higher frequencies. Finally, a set of limited experiments also revealed that the noise

emissions depend on the diameter of the pores of the perforated models rather than their

open area ratio.

Figure 15. Spectra of perforated model airfoils (a) M1, (b) M2, (c) M3, and (d) M4 at U1¼ 45m/s at
different geometric angles of attack.
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