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Incorporating the effect of airfoil geometry in airfoil noise prediction methods is paramount to designing silent
wind turbines and achieving regulation limits. However, the airfoil geometry effect on the leading- and trailing-
edge noise has not been fully understood. To address this, our research uses a phased microphone array to
measure the leading- and trailing-edge noise of airfoils NACA 0012, 00018, 0008, and 63018, which have
different chord lengths. The inflow turbulence is generated by a rod located upstream of the airfoils. The far-
field noise is compared with Amiet’s theory for both noise sources. The results show that the leading-edge
noise reduces with the leading-edge radius and maximum thickness in the high- and mid-frequency ranges,
respectively. Scaling laws based on these geometric parameters are proposed. The trailing-edge noise of the
several airfoils was compared at several velocities and Reynolds numbers. Scaling laws using these quantities
were proposed for each case. Furthermore, the competition of leading- and trailing-edge noise mechanisms are
assessed when airfoils are subjected to inflow turbulence. The dominant noise source varies in function of the
airfoil geometry and frequency. The inflow turbulence increases the trailing-edge noise of the different airfoils.
Furthermore, it dominates in a larger frequency range for the thickest airfoil.

the main noise source of wind turbines [13,15]. On the other hand,
when the inflow is turbulent, the inflow turbulence interacts with the
airfoil’s leading edge (LE), producing high-pressure fluctuations in the
airfoil surface, which cause lift fluctuations. This unsteady force produc-
tion is radiated to the far field as broadband noise, also known as LE
noise [16,17]. The inflow turbulence typically has turbulent structures
that are significantly larger than those present in a turbulent bound-
ary layer. Thus, LE noise is characteristically a low-frequency noise,
whereas the TE noise is characteristically a high-frequency noise [14].

1. Introduction

The noise produced by aerodynamic surfaces has become the objec-
tive of several research due to its impact on the quality of life of people
and wild animals [1-5]. Therefore, stricter regulations have arisen in
several fields [6], such as aeronautics [7], underwater applications [8],
and wind energy [9], to reduce and maintain low the noise levels.
Specifically for wind energy, the noise produced by wind turbines is
nowadays the main limitation for installing them closer to urban zones,

which have unique favorable conditions capable of boosting the wind
turbines’ aerodynamic performance [10-12].

The main aerodynamic noise sources of a wind turbine are the
leading- and trailing-edge noise [13]. The trailing-edge (TE) noise is
caused by the interaction of the turbulent boundary layer with the air-
foil surface. This interaction induces wall-pressure fluctuations close to
the TE that are scattered to the far field as noise due to the TE dis-
continuity and the sudden change of impedance [14]. With uniform
inflow and an attached turbulent boundary layer, the TE is the unique
noise source of an aerodynamic surface. Therefore, it is the minimum
amount of noise that an aerodynamic surface can produce, becoming
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Although both LE and TE noise have been modeled, the influence of
the airfoil’s geometry in noise production has not been fully understood
and incorporated in noise prediction methods and design of wind tur-
bines.

The most common methodology to predict TE and LE noise is Ami-
et’s theory [14,16]. This model was developed for a flat plate where
the airfoil geometry is not considered. The input for the TE noise pre-
diction in Amiet’s method is the wall-pressure spectrum close to the
TE, whereas for the LE noise prediction is the 2D turbulence spec-
trum upstream of the airfoil LE. Several semiempirical models for the
wall-pressure spectrum have been proposed [18-23], which use several
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Fig. 1. Schematic representation of the experimental setup.

boundary layer parameters at the TE as input. Contrary, the method
proposed by Blake [24] and Parchen [25], known as TNO-Blake model,
consists of obtaining the wall-pressure spectrum by solving the Poisson
equation. The model calculates the wall-pressure spectrum by integrat-
ing several flow quantities across the boundary layer. This method has
been extended by several authors [25-28]. TNO-Blake model is used
in this research as input for predicting the TE far-field noise with Ami-
et’s theory. On the other hand, a widely used method for modeling
the turbulence spectrum used as input in the LE noise prediction is the
von Karman energy spectrum [29], which uses as input the turbulent
integral length scale and the root mean square (rms) of the velocity
fluctuations. In this research, the extension of the von Karman model
for correcting the dissipation range proposed by [30] is adopted. Al-
though Amiet’s model does not consider the airfoil geometry for any
of both noise sources, the airfoil geometry can be considered somehow
in the TE noise prediction during the calculation of the boundary layer
parameters. However, for the LE noise prediction, the airfoil geome-
try is not evaluated at any prediction step since the inputs are based
on the upstream inflow turbulence. Therefore, it is important to ex-
perimentally evaluate the effect of the airfoil geometry on both noise
mechanisms and on their competition when the airfoil is subjected to
inflow turbulence.

Research has been conducted to evaluate the TE noise produced by
a single airfoil [28,31-35]. However, little research compares the TE
noise generated by several airfoils. Oerlermans and Migliore [36] com-
pared the TE noise generated by seven different airfoils at several angles
of attack and concluded that noise production highly depends on the
aerodynamic loading. Therefore, the relative level of the far-field noise
spectrum among the airfoils depends on the angle of attack. Contrar-
ily, for LE noise, several research has been conducted to understand the
influence of the airfoil geometry. Paterson and Amiet [37] studied ex-
perimentally the noise produced by a NACA 0012 at several angles of
attack. They found that the angle of attack only causes a slight increase
in far-field noise. However, it affects the wall-pressure fluctuations close
to the LE, mainly in the high-frequency range. Similar results have been
found by [38]. Gershfeld [39] studied the effect of the thickness of the
airfoil by creating a single Green’s function for each airfoil to predict
the far-field noise. They found a reduction of LE noise by increasing
the airfoil thickness. Oerlermans and Migliore [36] studied the LE and
TE noise of six different airfoils, candidates for small wind turbines, be-
sides a NACA 0012 for comparison with benchmarks. They found that
the LE noise increases with the increase in sharpness of the model’s LE.
Devenport et al. [40] studied the LE noise produced by three different
airfoils of different chords, thicknesses, and camber. They found that
thicker airfoils generate lower LE noise at high frequencies, but they
argued that this effect is not only caused by the LE radius or airfoil
thickness. They also found that the camber has a small effect on noise
production, whereas the angle of attack has a great effect on the airfoil
response function. However, this effect is attenuated by the presence of
isotropic turbulence. Gill et al. [41] used computational aeroacoustic

methods to systematically study the effect of the LE radius and airfoil
thickness by varying those parameters on a baseline symmetric airfoil.
They also found that increasing the airfoil LE radius and thickness re-
duces the LE noise. This reduction effect is more significant for higher
frequencies and higher inflow velocities.

This research shows a detailed comparison of the LE and TE noise
produced by several airfoils with different chords and thicknesses:
200 mm chord NACA 0012 and 0018, and 300 mm chord NACA 0008,
and 63018, which results in two airfoils with the same relative thick-
ness respect to the airfoil chord, and two airfoils with the same absolute
thickness. This allows to precisely evaluate the effect of the airfoil thick-
ness and LE radius in the LE noise production along the frequency
range. Furthermore, the effect of the Reynolds number for a given in-
flow velocity in the TE noise can be evaluated because of the different
airfoils’ chord lengths. Therefore, this research presents several scaling
laws that would help to further compare and predict LE and TE noise
of different airfoils. The analyses also include comparisons of the mea-
sured 1D inflow turbulence spectrum with the von Karman spectrum
and the measured wall-pressure spectrum with the TNO-Blake model.
The far-field noise of both noise sources are compared with Amiet’s
theory. Moreover, this research compares, for the first time, the noise
produced by a single airfoil with and without inflow turbulence to ana-
lyze the competition between LE and TE noise mechanisms as a function
of the frequency and airfoil geometry. The remaining part of this paper
is organized as follows. Section 2 shows the experimental methodology.
Section 3 presents the noise prediction methods. Section 4 discusses the
LE and TE noise of every airfoil and the comparison of each noise source
among the airfoils. Section 5 addresses the comparison of the noise pro-
duced by a single airfoil with and without inflow turbulence for the
NACA 0008 and 63018. Finally, Sec. 6 presents the conclusions of the
study.

2. Experimental methodology

Experiments consisted of acoustic measurements with a phased mi-
crophone array of four different airfoils with and without inflow tur-
bulence. The inflow turbulence is generated by a rod located upstream
of the airfoils’ LE. Fig. 1 shows a schematic representation of the ex-
perimental setup for both inflow conditions. The coordinate reference
system is x in the streamwise direction, y in the spanwise direction, and
z normal to the airfoil wall. The origin of the coordinated system is at
midchord and midspan, which is coincident for all the airfoils.

2.1. Wind tunnel

Experiments were conducted in the open jet configuration of the
Aeroacoustics wind tunnel of the University of Twente. The facility is
a closed-circuit wind tunnel that allows measurements in an open test
section, closed test section, and hybrid test section [42]. It has seven
turbulence screens followed by a contraction rate of 10:1 that keep the
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Fig. 2. Airfoils’ geometry.

Table 1

Airfoils’ geometric characteristics.
Airfoil ¢ [mm] t [mm] a [mm]
NACA 0018 200 36 7.1
NACA 0012 200 24 3.2
NACA 0008 300 24 2.1
NACA 63018 300 54 6.36

turbulence level below 0.08% in the open test section at the maximum
operating velocity of 60 m/s [43]. The test section is 0.7 m height and
0.9 m width and is inside an anechoic chamber with an empty cut-off
frequency of 160 Hz. The temperature in the test section is controlled at
approximately 20 °C. The airfoils were installed vertically in the section
using two rotatory end plates.

2.2. Airfoil models and instrumentation

The airfoils used in this study are NACA 0008, NACA 0012,
NACA 0018, and NACA 63018. The NACA 0018 and NACA 0012 have
200 mm chord (c), whereas the NACA 0008 and NACA 63018 have
300 mm chord. Fig. 2 shows the airfoils’ coordinates scaled by the
chord and non-scaled by chord. Note that the NACA 0018 and 63018
have the same thickness with respect to the airfoil chord (see Fig. 2
(a)), i.e., 18%; however, the absolute thickness is different for both air-
foils. Oppositely, the NACA 0012 and 0008 have different thicknesses
with respect to the airfoil chord but the same absolute value (see Fig. 2
(b)), i.e., 24 mm. Table 1 shows the LE radius (a) and the maximum
thickness () of the four airfoils.

The NACA 0018 and NACA 0012 are instrumented with six Knowles
FG 23329-P07 microphones under a 0.5 mm pinhole. The microphones
are distributed in two rows of three spanwise microphones. The mi-
crophone data shown in this research is of the one at x/c=0.4275
and y/c=0. The NACA 0008 and NACA 63018 are instrumented by
82 remote microphone probes located along the span and chord. See
refs. [31,44,45] to obtain more information about this technique. The
remote microphone probes consist of a pinhole of 0.3 mm connected to
a stainless steel tube of 1.5 mm inner diameter that is connected to a
PMMA tube assembly, where Knowles FG 23329-P07 microphones and
the anechoic termination are connected with the stainless steel tube
coming from the airfoil surface. The microphone data shown in this re-
search is of the one at x/¢=0.97 and y/c=0.

The microphones under a pinhole and the remote microphone
probes were calibrated using an in-house calibrator, which is equipped
with a reference microphone, i.e., a GRAS 40HP, and an FR8 loud-
speaker that produces white noise as a noise source for the calibration
procedure. The calibration consisted of two steps to reduce the influ-
ence of the calibrator in the transfer function. A detailed explanation of
the calibration procedure can be found in [46].

2.3. Noise measurements

Noise measurements were conducted using a microphone array of 62
GRAS 40PH microphones. The microphone array is a vogel spiral of 1 m
diameter. This geometry yields a flat main-lobe-to-sidelobe ratio (MSR)
in a wide frequency range [47]. Fig. 3 left shows the microphone array
with respect to the airfoils. In the figure, the airfoil chord is 300 mm. For
the airfoils with a 200 mm chord, the location of the center is the same;
this means that the LE and TE are located 50 mm closer to the x=0.
The center of the microphone array was aligned with the center of the
airfoils in the same plane as the one composed of the airfoil chord-span
lines at a zero angle of attack. The microphone array is at z=1.5 m. The
microphones signal was acquired for 30 s at a sampling frequency of 216
(65,536) Hz using PXIe-4499 Sound and Vibration modules installed in
a NI PXlIe-1073 chassis. The sensitivity of each GRAS 40HP microphone
was calibrated using a pistonphone GRAS 42AG Multifunction Sound
Calibrator with a sound pressure level of 94 dB and frequency of 1 kHz.

The noise source localization was conducted using the beamforming
technique. The in-house algorithm of the technique was benchmarked
against an array benchmark database [48,47]. More information about
the beamforming methodology and the in-house algorithm can be found
in [49]. The cross-spectral matrix (CSM) was calculated adopting the
Welch method, with 50% overlap and a window size of 213, which
results in a frequency resolution of 8 Hz. The diagonal of the CSM
was removed to avoid contamination of the self-noise of the micro-
phones. No weighting of the microphones was applied. The frequency
response calibration provided by the manufacturer was accounted for
during the CSM calculation. The search grid for the beamforming was
x €[-0.5,0.5] m and y € [-0.5, 0.5] m. The grid resolution was 30 mm
in both directions.

The quantification of the LE and TE noise was conducted using
the source power integration (SPI) technique [50]. The far-field noise
spectrum was calculated at the microphone array’s center. Therefore,
only one directivity angle is analyzed in this study. The region of in-
terest (ROI) for the LE noise evaluation was x/c € [-1, 0] and y/d €
[-0.3, 0.3], and the ROI for the TE noise was x/c € [0, 1] and
y/d € [-0.3, 0.3]. Note that the ROI changes for the different airfoil
chords. However, it was confirmed that the different ROI sizes yield
similar far-field noise spectra. Fig. 3 right shows both regions of in-
terest, together with the lateral view of the airfoil and wind tunnel
walls.

2.4. Wall-pressure spectrum

Unsteady wall-pressure measurements were conducted under the
same inflow conditions as the TE noise measurements. The surface mi-
crophones were connected to a PXIe-4499 Sound and Vibration modules
installed in a NI PXIe-1073 chassis, which acquired the measurements
during 30 s in a 216 (65,536) Hz sampling frequency. The wall-pressure
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Fig. 3. Left: microphone array. Right: Region of interest for LE and TE noise.

NACA 0012 and 0018 airfoils.

U, [m/s] Re [-] Uy [m/5] L [mm]
15.6 2.0x 10° 3.08 60.0
20.0 2.6 % 10° 3.81 68.9
24.0 33x10° 4.55 72.9
32.0 40x10° 5.87 90.5
36.1 4.6x10° 6.49 92.2
39.3 53x10° 7.13 101

Table 3

Inflow turbulence characteristics at the plane of
the airfoil LE without the airfoil installed for the
NACA 63018 and 0008 airfoils.

U, [m/s] Re [-] Ups [M/S] L [mm]
15.3 3.0x 10° 1.91 47.1
21 4.0x10° 2.68 49.4
24.4 5.0x 10° 3.05 50.8
31.1 6.0x 10° 3.65 53.4
34.8 7.0x 10° 3.82 54.9
39.43 8.0x 10° 4.53 56.8

spectrum is calculated using the Welch method with 50% overlap and
a window size of 213, which results in a frequency resolution of 8 Hz.

2.5. Test conditions

2.5.1. Leading-edge noise measurements

The inflow turbulence was generated by a 40 mm diameter rod, in-
stalled at the end of the closed test section, see Fig. 1(b), i.e., 685 mm
upstream of the LE of the NACA 0018 and 0012 and 635 mm upstream
of the LE of the NACA 0008 and 63018. The turbulence generated by the
wake of the rod was characterized by hot-wire anemometry measure-
ments without the airfoils installed in the wind tunnel, see ref. [51] for
information about the hot-wire measurements methodology. The wake
of the rod at the plane of the airfoils’ LE was larger than 480 mm. There-
fore, every airfoil was inside the rod’s wake. The inflow velocity varied
from 15 to 45 m/s with increments of 5 m/s. No tripping devices were
installed on the airfoil surface.

Tables 2 and 3 show the inflow turbulence parameters for each
pair of airfoils, where U, is the inflow velocity, Re is the Reynolds
number calculated based on the airfoil chord, u,,, is the rms of the ve-
locity fluctuations, and L is the turbulent integral length scale in the
streamwise direction. L is calculated following the methodology pro-
posed by Hinze [52], which adopts the Taylor’s hypothesis of frozen
turbulence [53]. The turbulent time scale (z) corresponds to the inte-
gration of the normalized autocorrelation of the velocity time-history
from zero up to the first-zero crossing and L = Ur. The turbulence in-
tensity and integral length scale at the LE’s plane vary slightly for the
NACA 0012 and 0018 and for the NACA 0008 and 63018. However, the
integral length scale is significantly larger than the LE radii and small
than the airfoil chord in all the cases. Therefore, we expect the LE noise
phenomenon to be similar for each case. The turbulence characteristics
shown in Tables 2 and 3 are used to scale the LE noise produced by the
different airfoils and to calculate the 1- and 2-D von Kdrman spectrum.

2.5.2. Trailing-edge noise measurements
The TE noise was measured under the low-turbulence uniform in-
flow generated by the wind tunnel. The inflow velocity varied from 20

to 40 m/s with increments of 10 m/s. The boundary layer transition was
forced at 5% of the airfoil chord by using tripping devices. The tripping
device consists of a zigzag strip of 60° top angle and 12 mm width. The
tripping device height (k) was varied among the airfoils and velocities
to keep a roughly constant k/§, ~ 0.6 among the different conditions,
following the recommendations of ref. [54], where §, is the bound-
ary layer thickness at the trip location. §, is obtained as explained in
Sec. 3.2.2.

3. Far-field noise prediction methods

LE and TE noise are predicted using Amiet’s theory. The theory
assumes a flat plate geometry with an infinitely small thickness, a sta-
tionary observer, and a uniform free-stream condition along the span.
The model calculates the far-field power spectral density of a flat plate
of chord ¢ and span d. In LE and TE formulations, k (= w/cy) is
the acoustics wavenumber, and k, (= ®/U,,) and k, are the chord-
wise and spanwise hydrodynamics wavenumbers, respectively. o? (=
x2+ (1 — M2)(y2 + z2)) is the flow corrected radial distance, where M is
the Mach number, and x,, y,, and z, are the coordinates of the observer
location. As the aspect ratio of the wind tunnel models is significantly
small (= 1.4 considering the span as the length of the ROI used in the
source power integration), the contribution of the spanwise wavenum-
ber (k,) is also considered. Furthermore, the power spectral density
calculated by Amiet’s theory is, by definition, a double side spectrum
(Spp). Therefore, the level needs to be multiplied by a factor of 2. To
obtain the one-side spectrum in function of the frequency (Gpp), Eq. (1)
is used.

Gy Yo Zgr ) = 2 X 27) Sy (X Vg Zn 0). ¢

The following sections explain the LE and TE noise prediction meth-
ods and the obtention of the input parameters.

3.1. Leading-edge noise

Equation (2) shows the power spectral density of the far-field LE
noise at the midchord and midspan [16], where ®,,,(k,,k,) is the
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y=0 is the center of the wind tunnel.

2D perpendicular-to-the-wall velocity spectrum and Z(x,k,,k,) is the
aeroacoustic transfer function for subcritical or supercritical gusts. &
accounts for the scattering effect of the LE and back-scattering of the
TE, implemented with the conclusions of Bresciani et al. [55, Eqs. Al-
AA4]. The far-field noise is calculated at the reference point used in the
source power integration technique. The coordinate reference system in
Amiet’s theory for LE is located at midchord and midspan. Therefore,
the observer location for comparison with wind tunnel experiments is
x,=y,=0and z,=1.5m.

2
wz,pc
Spp=< : > 7U(d/2)X

2¢,02

o

©

2
/ |§Z’(x0,kx,ky)‘ Dk k)

—o0

sin® ((ky, /o — k,)d/2) .
(d/2) (kyo/o - k,)°

3.1.1. Inflow turbulence spectrum

The far-field noise is calculated using the von Karman inflow tur-
bulence spectrum with the correction for the dissipation range pro-
posed by dos Santos et al. [30, pp. 35861, see Eq. (3), where k, is the
wavenumber scale of the largest eddies [56], calculated as shown in
Eq. (4), where L is the integral length scale of the inflow turbulence,
which values are shown in Tables 2 and 3, I' is the gamma function,
B =4.6, n=1.5, and 5 is the Kolmogorov length scale, calculated as
shown by [30, Egs. 14-16].

4w (k)P

&K (k,,0)= — I Xl el oxp(—B(k, n)"). 3
wio(k0) = 5= 2 [1+(kx/k8)2]7/3exP( (ke ") 3
_ V= rs/6)

=TT Tany “

3.2. Trailing-edge noise

Equation (5) shows the power spectral density of the TE noise using
Amiet’s theory. In addition to the assumptions discussed at the begin-
ning of this chapter, for the TE noise formulation, the turbulence is
assumed to be frozen at the TE discontinuity. & is modeled for the
subcritical and supercritical gust and accounts for the scattering caused
by the TE and the back-scattering caused by the presence of the LE.
The formulation used in this research follows the one of Roger and
Moreau [57]. Amiet’s theory assumes that the origin of the coordinate
system is at the TE location. Therefore, for the noise to be calculated
at the microphone array center, the observer position is x, = —c/2 m,
y,=0m, and z,=1.5 m.

wz,bd )2 L

Spp(xmyr) :O’ Z()’w): < %

2
2rc,0

o ) sin [ £ (bk, — bk2)|
/ | (k. bley) | 1, Ky )P @) 3

d(bk,).  (5)
S |4k, - b))

In Eq. (5), @), is the wall-pressure spectrum, /, is the spanwise
correlation length and b is the semichord used to nondimensionalize
the wavenumbers. The spanwise correlation length is calculated as pro-
posed by Corcos, shown in Eq. (6), where U, is the convection velocity,
assumed as 0.7U, and b, is the Corcos’ constant equal to 1.47 [28].

b.U.w

ez (6)
b U K2+ a?

1y, ) =

3.2.1. Wall-pressure spectrum

The wall-pressure spectrum is calculated by adopting the TNO-Blake
model. This model is based on the solution of Poisson’s equation that
results from the divergence of the Navier-Stokes equation simplified by
the continuity equation. The model can be applied to calculate the wall-
pressure spectrum close to the trailing edge. However, the turbulence
quantities are calculated assuming that the discontinuity of the trailing
edge does not affect the turbulence. Furthermore, the model assumes
that the turbulent pressure and velocity fields are spatially homoge-
neous and stationary on time. The wall pressure spectrum can be calcu-
lated in the wavenumber-frequency domain by applying the time-space
Fourier transform. Therefore, the wall pressure spectrum would depend
on the wavenumber in the chordwise and spanwise directions. Integra-
tion over k, can be conducted by introducing the spanwise correlation
length that depends on the frequency (/,(0,®)). In this research, we fol-
low the model extension proposed by Stalnov et al. [28], which also
considers the anisotropy of turbulence by incorporating the stretching
parameters. The single-point wall pressure spectrum is then calculated
as shown in Eq. (7), where § is the boundary layer thickness; A,,,(z)
is the turbulent integral length scale across the boundary layer in the z
direction, i.e., in the direction across the boundary layer, perpendicular
to the airfoil wall; U, (z) is the convection velocity across the boundary
layer; U(z) is the streamwise mean velocity across the boundary layer;
U s ,(2) is the velocity fluctuations in the z-direction across the bound-
ary layer; and ¢,,,,(k,.z) is the spectrum of the velocity fluctuations in
the z-direction. See ref. [28, Egs. 26-37] to obtain information about
the modeling of each quantity. The inputs for the modeling of @, i.e.,
8, u,;, and dp/dx are obtained from XFOIL simulations, explained in
Sec. 3.2.2.

2
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3.2.2. XFOIL simulations

XFOIL simulations [58] were conducted to obtain the boundary
layer thickness at the tripping location to determine the trip height and
close to the TE to scale the TE noise and calculate the wall-pressure
spectrum using TNO-Blake model explained in Sec. 3.2.1. Previous re-

search has demonstrated the accuracy of XFOIL to determine the bound-
ary layer parameters [28,54]. The input parameters for XFOIL were the
airfoil coordinates, the Reynolds number, calculated based on the air-
foil chord and inflow velocity, the critical number (N=8.68), and the
location of the transition, i.e., 1 for the cases of natural transition and
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0.05 for the cases of forced transition. The natural transition was con-
sidered to determine the boundary layer thickness at the trip location
(8-

XFOIL computed the boundary layer displacement thickness (5*),
momentum thickness (#), and skin friction coefficient (Cf) along the
chord. The boundary layer thickness at the trailing edge (5) and at the

trip location (6,) was calculated as Eq. (8) [58], where H =§*/6. The
friction velocity (u,) is calculated as shown in Eq. (9).

5=0(3 15+£I72

1)+5*. ®

u, =1/0.5U2C;. ©
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Fig. 9. LE noise for several Reynolds numbers of NACA 0018 airfoil.

Table 4

Boundary layer thickness in mm for the different
airfoils at different Reynolds number at x/c =0.99
obtained with XFOIL simulations.

Airfoil o 20 30 40
NACA 0018 7.9 7.3 7.0
NACA 0012 6.6 6.1 5.8
NACA 0008 8.0 7.4 7.1
NACA 63018 11.7 10.9 10.4

Table 4 shows the boundary layer thickness at the TE (x/c = 0.99) for
the different airfoils for different inflow velocities. Note that the same
inflow velocity corresponds to different Reynolds numbers depending
on the airfoil.

4. Leading- and trailing-edge noise of the several airfoils

This section is divided into LE noise and TE noise. First, the compar-
ison between the measured turbulence spectrum and the 1-D von Kér-

man spectrum and the comparison between the measured wall-pressure
spectrum and the TNO-Blake model is presented at the beginning of
the LE and TE noise sections respectively. Next, for both noise sources,
the beamforming maps are shown for a single inflow velocity; followed
by the far-field noise spectrum for each of the four airfoils for several
Reynolds numbers and for frequencies where the background noise is
at least 4 dB lower than the airfoil noise. Finally, the LE and TE noise
produced by the different airfoils are compared in each section.

4.1. Leading-edge noise

4.1.1. Inflow turbulence

The input for the prediction of the LE noise is ¢,,,,, which is mod-
eled by the von Kdrman model. This quantity was not measured during
wind tunnel experiments; only the streamwise velocity was measured.
Thus, the one-dimensional von Kdrman spectrum is compared with the
hot-wire measurements. Fig. 4 shows the power spectral density (PSD)
of the streamwise velocity measured at the location where the airfoil
leading-edge would be at several locations along the spanwise direction
spaced by 50 mm. The experimental velocity spectrum does not show
differences for the several spanwise locations, which shows the unifor-



L. Botero-Bolivar, F.L. dos Santos, C.H. Venner et al.

—Re — 20:\

—Re = 2.6 x 10°
Re = 3.3 x 10°
—Re = 4.0 x 10°
—Re = 4.6 x 10°
Re = 5.3 x 10°
-20 L
10? 10° 2 x 10
f [He]
(a) Non-scaled
g 80 ‘ ‘
S
=% \
0
_Q \
o \
7 dop 5N
| —Re = 2.0 x 10° \\
2. —Re = 2.6 x 10° \\\
Ua}“fm | Re = 3.3 x 10°
— —Re = 4.0 x 10° N
%E —Re = 4.6 x 10°
§ 0 P:w = 5.3 x 10° ‘
10° 10!
fe/U [
(c)p? x U3 - Stxe
) 70 : .
= \
— 60 \
S L
= 50 SN
= N
2
= 40
0
I 30l [—Re=2.0 x 10°
z —Re = 2.6 x 10°
0 Re = 3.3 x 10°
—= —Re = 4.0 x 10°
g0 10F | —Re = 4.6 x 10°
= Re = 5.3 x 10°
=0 ‘ :
10° 10!

fe/U ]
(e) p> x U2, - Stxc

Applied Acoustics 212 (2023) 109579

-80

—Re = 2.0 x 10° \
—Re = 2.6 x 10° W

Re = 3.3 x 10°
—Re = 4.0 x 10° N |
—Re = 4.6 x 10°

Re = 5.3 x 10°

-160 ‘ :
10° 10!
fe/U H

(b) Scaled with Tu parameters

e}
f=1

) [dB]

o
Unet

D
=
=~

) — 401log;,(
/

'S
o
T

—Re = 2.0 x 10°

3. —Re = 2.6 x 10°

2R Re = 3.3 x 10°
< 208 | _Re = 4.0 x 10° 1
0 —Re = 4.6 x 10°

= . Re = 5.3 x 10° ‘

—

10° 10!
fe/U [

(d) p? x UL - Stoxc

=y 70

~ 6ol |
S

< 50t = i
[ - =

)

= 40 .
0

! 30} [—Re=20x10° i
3. —Re = 2.6 x 10°
Uz“ﬁof Re = 3.3 x 10° 1
—~ —Re = 4.0 x 10°

g 10F |—Re = 4.6 x 10° ]
= Re = 5.3 x 10°

(e} 0 .

i

10°
fL/U [

(e) p> x U3, - Stx L

Fig. 10. LE noise for several Reynolds numbers of NACA 0012 airfoil.

mity of the flow. Furthermore, the von Karman spectrum agrees well
with the experimental measurements, mainly for high frequencies. For
lower frequencies, the experimental spectrum does not properly follow
the von Karman model, probably because of the large turbulent struc-
tures formed in the rod wake caused by the vortex shedding. As the
turbulence is generated by the wake of a rod, it probably is not isotropic,
and by comparing only the streamwise velocity spectrum ¢,, with the
von Kidrman model we are not considering this anisotropy. Neverthe-
less, even though the von Karméan model was developed for isotropic
and homogeneous turbulence; this model can represent well even non-
homogeneous flows [59-62]. Therefore, reasonable good estimations of
leading-edge noise should be obtained by using the 2-D von Kérmén
spectrum of ¢,,,,. In the literature, comparisons of the ¢,, with the von
Kérmén spectrum are shown while the 2-D ¢,,, von Kdrmén spectrum
is used for leading-edge noise prediction with Amiet’s theory for grid-
generated turbulence, justified by the difficulty of measuring the ¢,
component to compare with the von Kdrman model [31,63,64].

Fig. 4(b) shows the variation of the inflow velocity and the velocity
fluctuations normalized by the mean value along the span. The results
show that the flow is uniform along the span since variations of less

than 3% were found in both inflow velocity and velocity fluctuations.
The results are shown for the NACA 0012 and 00018 at U,=25 m/s.
However, similar uniformity is found for other velocities and for the
NACA 63018 and 0008.

4.1.2. Beamforming maps

Figs. 5, 6, 7, and 8 show the one-third octave beamforming maps
for four different central frequencies for the NACA 0018, NACA 0012,
NACA 0008, and NACA 63018, respectively, when the rod is installed.
The maps are shown only for U,=25 m/s for conciseness, but similar
results are obtained for other velocities. The flow is coming from left to
right in the beamforming maps. In most cases, clear noise sources are
observed, indicating that there are no spurious noise sources, such as
the interaction of the airfoil with the wind tunnel walls. However, for
the NACA 0018 for f>1.587 kHz, a noise source upstream of the airfoil
is observed, see Fig. 5(b,c,d), which is mainly caused by the presence of
the rod and the interaction of the flow with the end of the closed test
section.

The NACA 0008 (Fig. 7) shows a localized noise source at the LE
up to f=2.52 kHz. This airfoil produces LE noise up to the highest
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Fig. 11. LE noise for several Reynolds numbers of NACA 0008 airfoil.

frequency among all airfoils. At f=2.52 kHz, the beamforming maps
also show a noise source at the TE, with a slightly lower intensity than
LE noise. For the NACA 0012 (Fig. 6), a localized noise source at the LE
is observed up to f=1.587 kHz. At f=2 kHz, the noise source is shifted
downstream along the airfoil chord, and at f=2.52 kHz, a weak noise
source is observed at the TE location. For the NACA 63018 (Fig. 8) a
noise source at the LE is observed at f=1 kHz and at f=0.5 kHz (not
shown here for simplicity). For f>1 kHz, the noise source is mostly
located at the TE. This behavior could be explained by two reasons:
L. The LE noise produced by the airfoil NACA 63018 is dominant for
frequencies lower than 0.5 kHz and the microphone array used in this
research is not able to measure and localize the noise source for such
low frequencies. II. Even when subjected to inflow turbulence, thick
airfoils generate TE noise that is still dominant for a large frequency
range, including low frequencies. This phenomenon will be discussed
in detail in Sec. 5. A similar behavior is observed for the NACA 0018
(Fig. 5). A noise source located towards the LE is observed at f=1 kHz;
however, for f>1 kHz no strong localized noise source is observed, and
only a weak noise source appears at the TE up to f=2 kHz.

10

4.1.3. Far-field noise

The PSD of the LE far-field noise spectrum of each airfoil for
U, ~{15,20,25,25,30,35,40} m/s is shown in Figs. 9, 10, 11, and 12 (a)
in narrowband. Note that the inflow velocity was kept constant among
the airfoils but the Reynolds number changes depending on the air-
foil chord. The hump observed in the low-frequency (~250 Hz) for
the higher velocities is caused by the rod vortex shedding. The hump
also appears for lower velocities, however, that part of the spectrum is
not shown here because of the contamination of the background noise.
Figs. 9, 10, 11, and 12 (b) show the LE noise scaled with the inflow tur-
bulence characteristics, as proposed by Glegg and Devenport [56]. Note
that, assuming that u,,, is linear to the inflow velocity, the LE noise
level scales with a power of 3 with the inflow velocity when the fre-
quency is also normalized using the inflow velocity. The scaling shows
a good overlap of the noise curves for each airfoil, i.e., within 4 dB for
St.(= fc/U)<5 and within 1 dB for S7,>5. The case of U ~15 m/s
presents the worst scaling for all the airfoils, most probably because of
the higher background noise contamination at this lower velocity.



L. Botero-Bolivar, F.L. dos Santos, C.H. Venner et al.

100
80} 2
601
T 40+
—Re = 3.0 x
—Re =
01 po
—Re =
0f_Re = 7.0 x 10°
Re = 8.0 x 10°
220 - !
10? 10° 2 x 10%
[ [He]
(a) Non-scaled
E 80 :
py \\
0
2
20
S
[}
40t
| —Re = 3.0 x
—Re = 4.0 x
Re = 5.0 x
—Re = 6.0 x
—Re = 7.0 x
Re = 8.0 x
100

(]
=

(=23
(=}

;

Unet

30l |—Re=3.0x 10°
—Re = 4.0 x 10°
Re = 5.0 x 10°
—Re = 6.0 x 10°
—Re = 7.0 x 10°
Re = 8.0 x 10°

10°

fe/U [
(e) p? x U3, - Stx e

Applied Acoustics 212 (2023) 109579

-80

—Re = 3.0 x 10°
—Re = 4.0 x 10°
Re = 5.0 x 10° N
—Re = 6.0 x 10° N
—Re = 7.0 x 10° \-\
Re = 8.0 x 10°
-160 ‘ s
10° 10t
fe/U [
(b) Scaled with Tu parameters
) 80 T :
S,
= 60r 1
)
<
(=)
=40t ]
| —Re = 3.0 x
. —Re = 4.0 x 10°
| Re = 5.0 x 10° |
—Re = 6.0 x 10°
—Re = 7.0 x 10° \\\_\
Re = 8.0 x 10°
10° 10!
fe/U 1]
2 4
(d) p* xUZ, - Stx ¢
= 60 ‘
=] —Re = 3.0 x 10°
— —Re = 4.0 x 10°
oz 50 = Re = 5.0 x 10°| |
—Re = 6.0 x 10°
[ —Re = 7.0 x 10°|
Re = 8.0 x 10°

100
JL/U [
(f) P2 x U3, - Stox L

Fig. 12. LE noise for several Reynolds numbers of NACA 63018 airfoil.

Figs. 9, 10, 11, and 12 (c,d,e) show the LE noise scaled with the ve-
locity using a power of 3, 4, and 5, respectively, with the frequency
scaled to a Strouhal number based on to the airfoil chord and in-
flow velocity (St.). The reference velocity is the lowest velocity, i.e.,
U,.s=15 m/s. The LE noise scales with the power of 5 of the inflow
velocity for the low-frequency range, and the best scaling is shifted to-
wards the power of 3 for higher frequencies, see Figs. 9 to 12 (c,d,e),
which would correspond to integrated energy levels scaling with the
powers 6 and 4 of the incoming flow speed, respectively [65]. This be-
havior is explained by the acoustic compactness of the airfoil. For low
frequencies, the airfoil acts as a single dipole, showing a scale of 6
with the velocity. As the frequency increases and the airfoil becomes a
non-compact noise source, the scattering of the noise produced by the
presence of the TE reduces the scaling of the far-field noise with the
inflow velocity to a power of 4. The NACA 0018 and 0012 become
a non-compact noise source at =270 Hz, whereas the NACA 0008
and 63018 become a non-compact noise source at f=180 Hz, corre-
sponding to S7,=2.7 for all the airfoils, based on U,=30 m/s and each
airfoil’s chord. The results show that the LE noise scale is better with the
power of 5 up to St~3, where the wavelength is comparable with the

11

airfoil chord, with the power of 4 for 2.5<St<6, and with the power
of 3 for St>6, which would correspond to integrated energy levels
scaling with the powers 6, 5, and 4 of the incoming flow speed, respec-
tively [65]. Despite the analysis at lower frequencies (S7<2.6) being
limited due to the cut-off frequency of the anechoic chamber and the
near-field effects on the microphones, a clear tendency of the reduction
in the scaling factor with the inflow velocity for higher frequencies is
observed, which is most probably due to the non-compactness of the
airfoil.

Figs. 9 to 12 (f) show the scaling of LE noise with the power of 5 of
the velocity using the turbulent integral length scale (L) and inflow ve-
locity (U,,) to normalize the frequency (S7; = f L/U). The scaling with
the power of 5 is better when the frequency is normalized using L than
when normalized using ¢, mainly for higher inflow velocities. For the
NACA 0018 and 0012, the far-field noise spectra collapse within 3 dB
for Re > 5x 10° in the entire frequency range (see Figs. 9 and 10 (f)).
For the NACA 0008, the far-field noise spectra collapse within 2 dB for
Re>4x 10° and St; <3 (see Fig. 11 (). For the NACA 63018, the far-
field noise spectra collapse within less than 1 dB for Re >4 x 10° in the
entire frequency range (see. Fig. 12 (f)). This shows a clear tendency
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Fig. 13. LE noise of several airfoils. U, =30 m/s. Re=4x10° for the NACA 00018 and 00012, and Re=6x10° for the NACA 0008 and 63018.

of a better scaling for higher Reynolds numbers for all the airfoils. Ac-
cording to Table 3, the length scale varies with the velocity. Therefore,
in the normalization of the frequency using L, the velocity is implicitly
considered. Linear and quadratic functions adjust the variation of L as a
function of U, with similar adjustment coefficients for both turbulence.
Therefore, we cannot conclude whether L « U, or L « U2 . However,
we can conclude that considering a scaling of U> with L normalizing
the frequency, we actually have a scaling of the integrated energy lev-
els with powers of 5 or 4 of the incoming flow speed, which is similar
to what is obtained when c is used to normalize the frequency.

Fig. 13(a) shows the LE far-field noise produced by the several
airfoils at U, ~30 m/s. As Amiet’s theory only considers the inflow tur-
bulence conditions for the noise prediction, only two curves with the
noise prediction are shown; one for each pair of airfoils submitted ex-
actly to the same inflow conditions with the same chord. For f<1 kHz,
Amiet’s theory well predicts the decay of the far-field noise spectrum
level as a function of the frequency. However, for higher frequencies,
the experimental spectra show a stronger decay of the G, as a func-
tion of the frequency, and Amiet’s method significantly deviates from
the experimental results, over-predicting the far-field noise. As a general
observation, the LE reduces as the maximum thickness (¢) and LE radius

12

(@) increase. Similar results have been found in the literature [39,41].
However, the effect of + and a on the LE far-field noise depends on
the frequency range, which has not been directly addressed in the lit-
erature. Similar noise levels were obtained for the NACA 63018 and
NACA 0018 in the low- and high-frequency ranges, whereas in the mid-
frequency range, i.e., 0.5<f<1.5 kHz, the NACA 0018 produces higher
noise. Note that those airfoils have the same /¢ ratio and similar q,
but the absolute thickness of each airfoil is different. Contrarily, the
NACA 0012 and 0008 airfoils, which have different ¢/c ratio and a but
the same absolute thickness, produce similar noise levels in the mid-
frequency range (0.5<f<1.2 kHz) and the NACA 0008 is louder in the
low- and high-frequency ranges. This demonstrates that the airfoil abso-
lute thickness is more relevant in the mid-frequency range, whereas the
LE radius is more relevant in the high-frequency range. As the leading-
edge radius is smaller than the airfoil thickness, it affects mainly the
higher frequencies. Therefore, one could expect the LE noise scales with
those parameters for the frequency ranges where they have more influ-
ence. Fig. 13(b, ¢, d) show the LE noise level of the several airfoils
scaled with a power of 1 of the LE radius, a power of 2 of the LE radius,
and a power of 2 of the maximum airfoil thickness, using the geometri-
cal characteristics of the NACA 0008 as reference. From the results, we
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can conclude that: I. For f<0.5 kHz, the far-field noise spectra collapse
within 3 dB when scaled with the power of 1 of a. Similar results were
found when using ¢. Those results are not shown here for simplicity. II.
For 0.5< f<1.2 kHz, the far-field noise spectra collapse within less than
1 dB when scaled with a power of 2 of ¢. IIl. For 1.2<f<1.8 kHz, the
far-field noise spectra collapse within 1 dB when scaled with a power
of 2 of a. These scaling factors are the first step to modeling the effect
of the airfoil geometry in the LE noise prediction.

Fig. 13(e) shows the LE noise produced by several airfoils scaled by
inflow turbulence parameters and the Strouhal number based on the
airfoil chord. The noise of the several airfoils do not scale with the
inflow turbulence parameters, even for the exact same inflow turbu-
lence conditions. The frequency scaling is significantly improved when
the integral turbulent length scale is used for the calculation of the
Strouhal number, see Fig. 13(f). However, the LE noise level still does
not scale with the inflow turbulence parameters. This shows that the
scaling based on the inflow turbulent conditions is valid for a single
geometry but it is not relevant when comparing several geometries,
indicating a great influence of the airfoil geometry on the noise pro-
duction and the necessity of incorporating the geometry in LE noise
prediction methods.

Fig. 14 shows the relative level of the NACA 0018, 0012, and 63018
with respect to the NACA 0008 airfoil for several inflow velocities.
As observed before, the noise is reduced by the airfoil thickness. This
reduction is more significant for higher frequencies, as also observed
by [39-41]. However, the results show that the geometry effects are re-
duced with the inflow velocity, oppositely of what was observed by Gill
et al. [41].

4.2. Trailing-edge noise

4.2.1. Wall-pressure spectrum

This section compares the measured wall-pressure spectrum of the
different airfoils with the TNO-Blake model. Due to the different mea-
surement techniques used and different locations of the microphones,
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only the NACA 0018 and 0012 are compared between them, and sep-
arately, the NACA 0008 and 63018 are compared between them to
ensure that the differences in the wall-pressure spectra are caused by
the airfoil geometry. Fig. 15(a) shows the wall-pressure spectrum for the
NACA 0018 and 0012. The NACA 0012 has a higher level of the wall-
pressure spectrum for 1.8<f <8 kHz, which is reflected in the higher
far-field noise in this same frequency range, see Fig. 22(a). Fig. 15(b)
shows the wall-pressure spectrum scaled with the boundary layer pa-
rameters. The wall-pressure spectra collapse with less than 1 dB in the
Strouhal number range of 0.4 to 1.5. Fig. 16 shows the dimensional
wall-pressure spectrum for the NACA 0008 and 63018 (Fig. 16(a))
and normalized with the boundary layer parameters (Fig. 16(b)). The
wall-pressure spectra of the NACA 0008 and 63018 do not scale with
the boundary layer parameters. The NACA 63018 presents the maxi-
mum level along the frequency range at a lower frequency than the
NACA 0008, which is expected because of the thicker boundary layer
of the NACA 63018. For f>1.2 kHz, the wall-pressure spectrum level
of the NACA 0008 is higher than the NACA 63018. For all the airfoils,
the TNO-Blake model under-predicts the level of the wall-pressure spec-
trum mainly in the high-frequency range. However, it well predicts the
relative level of the wall-pressure spectrum between the airfoils along
the frequency range. We used TNO-Blake model in this research since
it presents a better wall-pressure spectrum prediction in a wider range
of applications compared to the empirical methods that are available in
the literature that are very sensitive to the boundary layer inputs. De-
spite it being a method based on physical principles, the obtention of
the flow quantities across the boundary layer is through semiempirical
relationships. Therefore, the poor agreement between the TNO-Blake
model and the experimental results might be attributed to the empiri-
cal relationships. The wall-pressure spectrum was also predicted using
experimental measurements of the boundary layer instead of the re-
sults from XFOIL; however, a difference of less than 1 dB is obtained in
the entire frequency range. This analysis is not shown here for concise-
ness.
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Fig. 18. TE noise for several Reynolds numbers of NACA 0018 airfoil.

4.2.2. Beamforming maps

Fig. 17 shows the one-third octave beamforming maps for several
central frequencies for the NACA 0018 at U,=30 m/s. The beam-
forming maps for other airfoils are shown in Figs. A.25, A.26, A.27 in
Appendix A. For all airfoils, for f>1 kHz, a well-defined noise source at
the TE distributed along the span is observed. No spurious noise sources
are observed.

4.2.3. Far-field noise

Figs. 18, 19, 20, and 21 show the TE far-field noise spectra in
narrowband of each airfoil compared with Amiet’s theory for Uy =
{20,30,40} m/s. For airfoils NACA 0008, and 63018 the measured wall-
pressure spectrum (®” ) was also used as input in Amiet’s model for
U, =30 m/s to analyze the prediction method isolating the accuracy of
the wall-pressure spectrum method, see Figs. 20 and 21. Analyzing the
cases of the measured wall-pressure spectrum used as input, it is noted
that Amiet’s method under-predicts the noise in the low-frequency
range and over-predicts the noise in the high-frequency range. The
poor agreement in the low-frequency range between Amiet’s theory and
experimental measurements could also be related to the lower perfor-
mance of the microphone array for lower frequencies. As the TNO-Blake

model under-predicts the wall-pressure spectrum in the high-frequency
range, a better agreement with the measured far-field noise is obtained
using the TNO-Blake wall-pressure spectrum as input in Amiet’s theory.
In general, Amiet’s model coupled with the TNO-Blake model presents a
good agreement with experimental measurements in the mid-frequency
range. Such a range is shifted towards higher frequencies for higher ve-
locities. Furthermore, a better agreement between Amiet’s theory and
the experiments is obtained for the NACA 0008 due to its higher simi-
larity with a flat plate. Contrary, the poorest agreement is obtained for
the NACA 63018 due to its thickness, which can be also related to the
changing of the directivity pattern for thick airfoils.

Figs. 18, 19, 20, and 21(b,c,d) show the TE noise for each airfoil
scaled with the inflow velocity with the powers of 3, 4, and 5. The
frequency is normalized using the boundary layer thickness at the air-
foil TE and the inflow velocity. For all cases, the best scaling of the TE
noise is with the power of 3 with the inflow velocity in the entire fre-
quency range. Following the discussion of the acoustic compactness of
the airfoil addressed in Sec. 4.1.3, in the frequency range where the TE
noise is produced in the cases presented in this study (1< f<4 kHz), the
airfoil is a non-compact noise source. Hence, the scattering effects of
the LE cause the velocity scaling to be reduced to a power of 3, which
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Fig. 19. TE noise for several Reynolds numbers of NACA 0012 airfoil.

means a scaling of the integrated energy levels with a power of 4 of the
inflow velocity. Note that the boundary layer thickness also implicitly
considers the velocity, which also changes the velocity scaling.

Figs. 18, 19, 20, and 21(e) show the TE noise of each airfoil scaled
using the Reynolds number. The frequency of the TE noise scales in-
versely to the Reynolds number, whereas the spectrum level scales with
a power of 3 of the Reynolds number. For the airfoils NACA 0018, 0008,
and 63018, the far-field noise spectra collapse within 2 dB in the entire
frequency range when using the scaling based on the Reynolds number.
For the NACA 0012 the scaling is not as good as for the other airfoils
since this airfoil presents blunt TE noise for higher Reynolds numbers
that is not observed for Re = 2.6 x 10°. When analyzing a single airfoil,
the Reynolds number only considers the effect of the inflow velocity.
Therefore, this scaling is equivalent to the power of 3 with the inflow
velocity. However, this scaling remains valid when several geometries
are used. This will be further analyzed later in this section.

A hump in the high-frequency range is observed for some cases: The
NACA 0018 shows a hump for Re=40x 10’ at f5/U=0.3, see Fig. 18(b);
the NACA 0012 shows a hump for Re>40 x 10° at f6/U=0.35, see
Fig. 19(b); and The NACA 0008 shows a hump for all Reynolds num-
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bers at f5/U =0.7; see Fig. 20(b). It is caused by blunt trailing edge
noise, which occurs when the TE thickness is thick compared to the
boundary layer at the TE. Therefore, this noise source is more rele-
vant for higher velocities. However, there is no final agreement about
at which conditions it should appear [66,24]. The hump scales with
a power of 3 with the inflow velocity. Previous research has found a
Strouhal number for blunt TE noise (S, = ft1g/U) between 0.08 and
0.11, using as characteristic length the TE thickness (t1g) [67-69]. For
the NACA 0018, 0012, and 0008 used in this research St, ranged
from 0.085 to 0.97 considering all the velocities for the three airfoils.
ttg = 0.002 m for the NACA 0018 and 0012 and ¢1g = 0.001 m for the
NACA 0008 and 63018. The NACA 63018 does not show blunt TE noise
for any velocity since it has a thicker boundary layer.

Fig. 22(a) shows the TE noise of all the airfoils at the same in-
flow velocity. No clear tendency about which airfoil produces a louder
noise along the frequency range is observed. We would expect that
the NACA 0018 and 63018 would produce louder noise in the low-
frequency range since they have a thicker boundary layer, which is
observed for 0.7<f<1.5 kHz. For f>1.5 kHz, the NACA 63018 pro-
duces a significantly louder noise than NACA 0018, i.e., more than 8 dB.
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Fig. 20. TE noise for several Reynolds numbers of NACA 0008 airfoil.

The NACA 0008 produces the lowest noise up to f=2 kHz. Above this
frequency, the blunt TE noise is higher than the TE noise of the other
airfoils.

As observed for every single airfoil, the frequency of the TE noise
scales with the inverse Reynolds number and the level scales with a
power of 3 of the Reynolds number, see Fig. 22(b). With this scaling,
the TE far-field noise spectra collapse within 2 dB in a frequency range
from 0.6 to 2.8 kHz. It is important to consider that when comparing
the different airfoils at the same inflow velocity, the Reynolds num-
ber considers only the chord and not the inflow velocity, oppositely to
the cases when a single airfoil was analyzed for several inflow veloci-
ties.

Fig. 22(c) shows the noise produced by the different airfoils at
the same Reynolds number. The noise produced by the NACA 0008
and 63018 is significantly lower than the other airfoils since the ve-
locity is much lower. Of these cases, only the NACA 0012 presents
blunt TE noise. As discussed previously, the frequency of the TE noise
scales with the Reynolds number. Therefore, for scaling the cases of
the same Reynolds number, only a level scaling is needed. Fig. 22(d)
shows the scaling of the TE noise spectrum level using a power of 6
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of the inflow velocity. The far-field noise spectra collapse within 2 dB

in the frequency range from 0.6 to 4 kHz. Note that the scaling for the

NACA 0012 is not that good because of the blunt TE noise phenomenon.

To further analyze the effect of the inflow velocity and Reynolds num-

ber, the TE noise for several Reynolds numbers and inflow velocities is
shown in Fig. 22(e). For the Reynolds numbers shown in the figures,

the corresponding inflow velocities are: for the NACA 0018 is 30 m/s,

for the NACA 0012 is 20 m/s, for the NACA 0008 is 30 m/s, and for the
NACA 63018 is 40 m/s. The NACA 0018 and 0012 show similar noise
levels among the airfoils because they are submitted to the same inflow
velocity. Fig. 22(e) shows the same cases of Fig. 22(d) scaled with a
power of 6 of the inflow velocity. The far-field noise spectra collapse
within 5 dB in the frequency range from 0.8 to 1.5 kHz, and within
less than 1 dB for f>1.5 kHz. Note that the hump for the NACA 0008
is not accounted for in the calculation because it is caused by blunt
TE noise. Furthermore, Fig. 22(f) shows the combination of the sev-
eral scaling discussed, i.e., the frequency inversely proportional to the
Reynolds number and the level proportional to the power of 6 of the in-
flow velocity and power of 3 with the Reynolds number. The far-field
noise spectra collapse within 1 dB in the entire frequency range, except
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Fig. 21. TE noise for several Reynolds numbers of NACA 63018 airfoil.

for 0.0022<f/Re<0.005 that collapse within 4 dB. Again, the hump
for the NACA 0008 is not accounted for in the calculation since they
are caused by blunt TE noise.

5. Competing mechanisms: leading- and trailing-edge noise

The LE and TE noise production highly depends on the airfoil geom-
etry, as discussed throughout the paper. This section aims to compare
the noise produced by the NACA 0008 and 63018 when submitted to
uniform and turbulent inflows. The noise generation mechanism varies
as a function as the frequency and airfoil geometry.

Fig. 23 shows the beamforming maps for the NACA 0008 for the
cases with and without inflow turbulence. Note that at f=1 kHz the
level-scale of the beamforming contours is not the same for both inflow
conditions since with inflow turbulence the noise generated is much
higher than the case of uniform inflow (see Figs. 23 (a) and (b)). For
f>2 kHz, the levels of the beamforming contours with and without
inflow turbulence are comparable. For the case of uniform inflow at
f=1 kHz, the noise source seems to be located at the mid-chord, most
probably because of contamination of the beamforming map with the
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background noise at this specific frequency and low performance of the
microphone array (see Fig. 23 (b)). Furthermore, for f> 2 kHz the noise
source is the TE (see Figs. 23 (d, f, h)). Contrary, for the case of in-
flow turbulence, the noise source changes along the frequency range.
For f<2 kHz (Figs. 23 (a) and (c)), the noise source is the LE. Note
that the LE noise is much higher than the TE noise when the inflow is
uniform at a given frequency. At f=2.52 kHz, the case of inflow turbu-
lence shows two noise sources of similar intensity located at the leading
and trailing edges (Fig. 23 (e)). The TE noise generated when the in-
flow is turbulent is higher than the TE noise generated when the inflow
is uniform (compare Figs. 23 (e) and (f)). For both inflow conditions
at f=3.175 kHz, the beamforming maps show a unique noise source
located at the airfoil TE (Fig. 23 (g) and (h)). In the case of inflow tur-
bulence, the beamforming map is more contaminated because of the
increase of the background noise with the presence of the rod. How-
ever, a noise source at the TE is identified, which is stronger than the
case of uniform inflow. The results show that with inflow turbulence
the NACA 0008 generates LE noise that dominates the low-frequency
range and TE noise that dominates the high-frequency range, which is
louder than the noise produced by the airfoil TE with uniform inflow.
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Fig. 22. Trailing-edge noise of several airfoils.

In the mid-frequency range, both mechanisms are similarly important.
However, the relative level of the LE and TE noise might vary as a func-
tion of the inflow velocity since for U, =30 m/s the LE noise is slightly
stronger than the TE noise, see Fig. 7(c).

The increase of the TE noise with the inflow turbulence is caused by
the penetration of the free-stream turbulence inside the airfoil’s bound-
ary layer, which increases the wall-pressure fluctuations at the airfoil
TE [70].

Fig. 24 shows the beamforming maps for the NACA 63018 for the
cases with and without inflow turbulence. At f=1 kHz, the case with
inflow turbulence shows a noise source located at the LE, whereas the
case without inflow turbulence shows a noise source located at the air-
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foil TE (see Figs. 24 (a) and (b)). The noise produced by the LE for
the case of inflow turbulence is much stronger than the one produced
by the TE for the case without inflow turbulence. For f>2 kHz, both
inflow conditions show a noise source located at the TE (see Figs. 24
(c-f)). However, the noise produced by the TE in the case with inflow
turbulence is much stronger than in the case without inflow turbulence.
Note that at f=3.175 kHz the level-scale of the beamforming contour
for both cases is not the same since for the case with inflow turbulence
the noise produced is much stronger. Furthermore, for the case without
inflow turbulence, there is a contamination of the beamforming map
in the region of the interaction of the TE with the wind-tunnel bottom
wall, showing a noise source at this position (see Fig. 24 (h)).
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Fig. 23. Beamforming maps with and without inflow turbulence for NACA 0008. U_, =25 m/s.

Different from the NACA 0008, for the NACA 63018 the TE noise
dominates almost the entire frequency range for the case with inflow
turbulence. This happens because of the combination of two mecha-
nisms: I. the inflow turbulence is more distorted by the thickest air-
foil (NACA 63018), which reduces the noise produced by the airfoil
LE [71]. IL. the free-stream turbulence penetrates inside the bound-
ary layer which increases the airfoil TE noise [70]. The combination
of these phenomena is more relevant for thick airfoils, such as the ones
used in wind turbines.

For both airfoils, the beamforming maps show that the trailing-edge
noise increases. As mentioned before, the increase is due to the penetra-
tion of the free-stream turbulence inside the boundary layer. Previous
research [70,72] have demonstrated that the free-stream turbulence in-
creases the boundary layer thickness and velocity fluctuations across
the boundary layer, which in turn increases the wall-pressure spectrum
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level close to the airfoil trailing edge, and consequently the trailing-
edge noise. For the cases studied in this research, the boundary layer
was measured using hot-wire anemometry close to the trailing edge at
x/c=0.47 (the same location of the wall-pressure spectrum measure-
ments) with and without inflow turbulence at U =10 m/s for both
airfoils and also at U,=30 m/s for the NACA 63018.

The inflow turbulence increases the boundary layer thickness from
7.8 mm to 29.3 mm for the NACA 0008, and from 10.2 mm to 23.3 mm
for the NACA 63018 at U,=10 m/s, and from 8.8 mm to 16.2 mm
for the NACA 63018 at U,=30 m/s. The large increase in the bound-
ary layer thickness due to the inflow turbulence explains the increase
of the trailing-edge noise mainly in the low-frequency range. Further
discussion about the free-stream turbulence penetration phenomenon
and the impact on the trailing-edge noise is out of the scope of this
research.
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Fig. 24. Beamforming maps with and without inflow turbulence for NACA 63018. U, =25 m/s.

6. Conclusions

This research presents LE and TE noise measurements, using a mi-
crophone phased array, of four different airfoils, i.e., NACA 0018, 0012,
0008, and 63018, which have different chord lengths. The inflow tur-
bulence was generated by a rod located upstream of the airfoils’ LE
plane. The analyses are composed of the LE and TE far-field noise spec-
trum of each airfoil for different inflow velocities and a comparison
of the LE and TE far-field noise among the airfoils and with Ami-
et’s method. Furthermore, the competition of the LE and TE noise
mechanisms when subjected to inflow turbulence is evaluated for the
NACA 0008 and 63018.

For the inflow turbulence condition, the beamforming maps showed
a noise source located at the LE for the NACA 0008 up to f=2.5 kHz
and for the NACA 0012 up to f=1.5 kHz. The NACA 63018 showed a
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noise source at the TE for frequencies higher than 1 kHz. The airfoil
NACA 0018 presented the most contaminated beamforming maps by
background noise. For uniform non-turbulent inflow, a localized noise
source at the TE is observed for all the airfoils for f>1 kHz.

The predicted and experimental LE noise show a good agreement up
to f~1 kHz. For higher frequencies, the experimental results show a de-
cay of the far-field noise spectrum level as a function of the frequency
higher than the predicted. The LE far-field noise scales with a power of 5
with the inflow velocity with the frequency normalized with the airfoil
chord and inflow velocity in frequencies where the airfoil is acousti-
cally compact. The scaling is reduced to 3 for high frequencies where
the airfoil is non-acoustically compact. The results showed that the LE
noise is reduced with the airfoil thickness and LE radius. This reduc-
tion increases with the frequency and reduces with the inflow velocity.
The airfoil thickness has more influence on the mid-frequency range,
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whereas the LE radius has more influence on the high-frequency range.
The LE far-field noise level spectrum scales with a power of 1 of the air-
foil maximum thickness and LE radius in the low-frequency range, with
a power of 2 of the airfoil maximum thickness in the mid-frequency
range, and with a power of 2 of the LE radius in the high-frequency
range. These scalings serve as a step for modeling the influence of the
airfoil geometry on the far-field noise prediction.

The predicted and experimental TE noise show a good agreement
in the mid-frequency range. The best agreement is obtained for the
thinnest airfoil. Amiet’s prediction using the experimental wall-pressure
spectrum as input shows that Amiet’s method under-predicts the low-
frequency range and over-predicts the high-frequency range. The TNO-
Blake model significantly under-predicts the high-frequency range of
the wall-pressure spectrum. However, it shows a better agreement with
the experiments when coupled with Amiet’s theory. The TE far-field
noise scales with the velocity with a power of 3 in the entire fre-
quency range, with the frequency normalized using the boundary layer
thickness and inflow velocity. For a single airfoil at several Reynolds
numbers, the frequency scales with the inverse of the Reynolds num-
ber, and the far-field noise spectrum level scales with a power of 3 of
the Reynolds number. This scaling is still valid when the different air-
foils are compared with the same inflow velocity but different Reynolds
numbers. Furthermore, TE noise for the different airfoils is compared
at the same Reynolds number, and at different Reynolds numbers for
each airfoil. For the same Reynolds number, the far-field noise spec-
trum level scales with a power of 6 of the inflow velocity, whereas for
the several Reynolds numbers, the frequency scales with the inverse of
the Reynolds number and the level of the far-field noise spectrum scales
with a power of 3 of the Reynolds number added to a power of 6 of the
inflow velocity. These scalings would also help in future comparisons
of TE noise of airfoils at several conditions.

When subjected to inflow turbulence, the NACA 0008 airfoil pro-
duces LE noise in the low-frequency range, LE and TE noise of the
same intensity in the mid-frequency range, and TE noise in the high-
frequency range. Contrary, the NACA 63018 produces LE noise in
the low-frequency range up to a frequency much lower than the
NACA 0008, and TE noise for higher frequencies. This happens because
the thicker airfoil distorts more the inflow turbulence, reducing the LE
noise and the frequency range in which it is dominant. The inflow tur-
bulence significantly increases the TE noise compared with the uniform
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inflow case for both airfoils due to the penetration of the free-stream
turbulence inside the boundary layer. The combination of these both
phenomena is relevant for wind turbines since thick airfoils are used
under high turbulence inflow conditions, making the TE noise source
the dominant noise source for a wide frequency range and stronger than
the one produced by uniform inflow conditions.
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Appendix A. Beamforming maps for uniform inflow

This appendix presents the beamforming maps for uniform inflow at
U, =30 m/s for the NACA 0012, 0008, and 63018 airfoils.
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Fig. A.25. Beamforming maps without inflow turbulence for NACA 0012 airfoil. U,=30 m/s.
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