
Leading-Edge Noise Prediction of General Airfoil Profiles with
Spanwise-Varying Inflow Conditions

Renato F. Miotto∗ and William R. Wolf†

University of Campinas, 13083-860 Campinas SP, Brazil

and

Leandro D. de Santana‡

University of Twente, 7522 NB Enschede, The Netherlands

DOI: 10.2514/1.J056716

This paperpresents a studyof the leading-edge noise radiatedbyanairfoil undergoing a turbulent inflow.Thenoise

prediction of generic airfoil profiles subjected to spanwise-varying inflow conditions is performedwith the support of

Amiet’s theory and the inverse strip technique. In the proposedmethodology, the aeroacoustic transfer function of a

generic airfoil profile is computedby the boundary elementmethod.The effects of the airfoil leading-edge thickness on

the inflow turbulence are accounted for by a turbulence spectrumbased on the rapid distortion theory. This research

shows that the turbulence distortion plays a significant role on the predicted noise levels. Compared with the von

Kármánmodel for isotropic turbulence, the rapid distortion theory predicts reduced noise levels at high frequencies

and increased noise levels at low frequencies. This paper also shows that the spanwise-varying inflow, here

represented by a linearly changing condition, contributes to raising the noise levels when compared to the similar

uniform inflow case. This research confirms that the finite airfoil thickness decreases the airfoil-gust lift response,

consequently reducing the noise levels. This observation ismore pronounced formicrophonespositioneddownstream

of the airfoil and for high frequencies.

Nomenclature

BEM = boundary element method
b = airfoil semichord, m
c = airfoil chord (2b), m
d = airfoil half-span, m
FP = flat plate
FIN = finite plate
g = transfer function between the incoming gust and the

airfoil pressure jump

Inf = infinite span
InvS = inverse strip theory
i = imaginary unity � ������

−1
p �

K2 = particular hydrodynamic wave number in the spanwise
direction �ky∕ro�, m−1

k = acoustic wave number, m−1

ke = average wave number of the energy-containing eddies,
m−1

k1 = hydrodynamicwave number in the chordwise direction,
m−1

k2 = hydrodynamic wave number in the spanwise direction,
m−1

L = aeroacoustic transfer function
M0 = freestream Mach number
RDT = rapid distortion theory corrected model
RMS = root mean square
ro = far-field observer position, m
Spp = power spectral density of the pressure fluctuation,

Pa2 ⋅ s
t = time, s

U0 = freestream mean flow velocity, m/s
u 0 = root mean square of the velocity fluctuation, m/s
VK = von Karman model for isotropic turbulence
w0 = gust amplitude, m/s
x = observer coordinates �x; y; z�, m
xs = source position, m
β = compressibility factor �

���������������
1 −M2

0

p
�

Γ = gamma function
Δp = pressure jump, Pa
Λ = turbulence integral length scale, m
ρ0 = freestream density, kg∕m3

Φww = two-dimensional turbulence spectrum, m4∕s2
ω = angular frequency, s−1

I. Introduction

T HE turbulence–airfoil interaction problem, generally regarded as
an effective noisegenerationmechanism, is present in awide range

of technological and scientific applications [1–5]. Rotating machines
such as fans, wind turbines, contrarotating open rotors, and helicopter
blades are optimally designed when the noise production is already
considered in the conceptual and preliminary design phase. Therefore,
the development of low-computational-cost physics-based semi-
analytical predictive approaches that allow quick noise assessments and
optimization is an instrumental tool in the industrial design process.
The determination of the unsteady pressure loading over the airfoil

surface permits the application of Curle’s analogy [6] for noise
prediction. Following this approach, Amiet [7] assumed a flat-plate
airfoil subjected to a spanwise-uniform inflow to compute the airfoil
pressure distribution due to high-frequency supercritical gusts in two-
dimensional compressible flows. Later, numerical methodologies were
proposed to account for complex incident flows and realistic airfoil
geometries [8–11]. Glegg and Devenport [12] adopted a panel method
topredict turbulence–airfoil interactionnoise, obtaininggoodagreement
with Amiet’s theory at low frequencies. Their technique, however,
was not suited for high-frequency regimeswhere compressibility effects
exert nonnegligible influence on the airfoil-gust response.
Recently, Miotto et al. [13] developed a boundary element method

(BEM) for computing the aeroacoustic transfer function in the gust–
airfoil interaction problem. The proposed methodology allowed a
study of the leading-edge noise produced due to an incident turbulent
inflow interacting with general airfoil profiles, three-dimensional
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supercritical perturbations, and compressible subsonic flows. The
current work proposes to combine the technique described in [13]
with the inverse strip method presented by Christophe et al. [14] to
predict the leading-edge noise from general airfoil profiles with
spanwise-varying inflow conditions. In this research, a model based
on the rapid distortion theory (RDT) [15,16] is applied to account for
the airfoil mean flow turbulence distortion present in the vicinity of
the airfoil leading edge. Finally, the contribution of each calculation
technique on the far-field noise prediction is investigated.

II. Theoretical Background

A. Acoustic Radiation: Amiet’s Theory

The methodology proposed in this work predicts the airfoil noise,
following the ideas presented by Amiet [17]. Here, we consider an
airfoil of span2d andchord2b located in aCartesian coordinate system
with origin at the airfoil midchord and midspan. Following Amiet’s
formalism, the radiated acoustic pressure power spectral density (PSD)
of a large-aspect-ratio airfoil subject to a gust represented by

w � w0 expfi�k1�U0t − x� − k2y�g

is given by

Spp�x;ω� �
�
ρ0kzb

r2o

�
2

πU0dΦww�k1; k2�jL�x; k1; k2�j2 (1)

where x � �x; y; z� is the observer position;ω is the frequency; k1 and
k2 are the x- and y-direction hydrodynamic wave numbers,

respectively; and ro �
�����������������������������������
x2 � β2�y2 � z2�

p
is the observer position

corrected for convective effects, where β �
���������������
1 −M2

0

p
is the

compressibility factor. The observer positions x; y, and z aremeasured,
respectively, in the chordwise, spanwise, and wall normal Cartesian
directions.Note thatw0 is the incominggust amplitude;U0,M0, andρ0
are the freestream velocity, Mach number, and density, respectively;
and k is the acoustic wave number.
When the airfoil thickness is considered negligible, the inflow two-

dimensional turbulence spectrum Φww can be modeled by the von
Kármán spectrum for isotropic turbulence [18]. On the other hand,
when the airfoil thickness is no longer negligible, the rapid distortion
theory can be applied [15,16]. L is the aeroacoustic transfer function,
which can be analytically determined for a flat plate [7]. However, the
aeroacoustic transfer function presents noteworthy differences for thick
airfoil profiles. For example, recent research [13] shows that the airfoil
thickness reduces the magnitude of the unsteady pressure distribution
along the airfoil surface reducing, therefore, the magnitude of the
aeroacoustic transfer function.

B. Aeroacoustic Transfer Function for General Airfoil Profiles

The aeroacoustic transfer function was defined by Amiet for an
infinitely thin plate as [17]

L�x;k1;k2��
Z

2

0

g�xs;k1;k2�exp�−ikb�xs−1��M0−x∕ro�∕β2�dxs
(2)

where xs is a particular dipole source position along the airfoil chord.
Here, g�xs; k1; k2� is the transfer function that relates the airfoil
unsteady pressure jump (represented byΔp � plower − pupper) to the
incident gust of amplitude w0, and it is given by [17]

g�xs; k1; k2� �
Δp�xs; ys; t� exp�i�k2y − ωt��

2πρ0U0w0

(3)

The BEM approach proposed in [13] allows the calculation of the
aeroacoustic transfer function accounting for general airfoil profiles.
The proposed approach numerically solves the boundary value
problem prescribed by the linearized airfoil theory in the transformed
Prandtl–Glauert plane, providing the unsteady load distribution over
the airfoil surface. Thismethodologyconsiders the iterative application

of the BEM calculation in an approach equivalent to consequent
Schwarzschild solutions. Similar toAmiet’s theory, thispaper proposes
the application of boundary conditions satisfying both the semi-infinite
leading-edge noise problem due to an impinging gust and its
subsequent semi-infinite trailing-edge scattering effect. This method is
valid for bladeswith a large aspect ratio, subjected to three-dimensional
supercritical perturbations and compressible subsonic inflow.

C. Spanwise-Varying Inflow Conditions

The theory initially presented by Amiet [7] considers a spanwise-
uniform inflow. Hence, spanwise-varying inflow conditions bring a
special challenge to the noise calculation that, here, we propose to
overcome by the application of the inverse strip theory [14,15].
Equation (1) assumes a large-aspect-ratio airfoil with a constant
spanwise section subjected to a uniform flow with homogeneous
turbulence. However, in most applications of engineering interest,
even if the blade section is constant, the mean flow velocity and
turbulence statistics are generally nonuniform.
The most straightforward approach that considers flow spanwise

inhomogeneities divides the airfoil along the spanwise direction into
small strips such that the total noise corresponds to the sum of
contributions from each individual strip with different flow conditions
[19]. When the airfoil is discretized into small strips, the infinite-span
hypothesis kd → ∞ is generally not satisfied for an individual strip
and Eq. (1) cannot be adopted. In this case, the more general
formulation provided by Amiet [17] should be considered, where the
acoustic pressure PSD requires the integration of a cardinal sine
function. The reader is referred to [14,17] for further details.

Spp�x;ω� �
�
ρ0kzb

r2o

�
2

πU0d

×
Z �∞

−∞

sin2�d�k2 − K2��
πd�k2 − K2�2

Φww�k1; k2�jL�x; k1; k2�j2 dk2 (4)

Christopheet al. [14]demonstrated that the direct strip approachwas
inaccurate in the low-frequency regime due to the short span
representation inability to represent large correlations of the spanwise
turbulence. If the spanwise extents of the strips were smaller than the
spanwise correlation length of the sources, the strips were not
statistically uncorrelated and the phase variations occurring along the
spancouldno longer be reproduced. In this case, the increasingnumber
of strips reduced the amplitude of the calculated far-field pressure PSD
in the low-frequency portion of the spectrum and damped the
oscillations appearing at high frequencies.
The inverse strip theory was then proposed in [14] to overcome the

theoretical limitation of the direct strip approach. In the inverse strip
method, the noise produced by an airfoil strip is calculated from the
subtraction of the sound computed for two large-span airfoils, with
span lengths differing by the length of the short strip segment under
consideration. Therefore, this approach requires two evaluations of
Eq. (1) for each strip, which is computationally inexpensive, and it
produces accurate results for low and high frequencies. This method
is also adequate to be applied for problems with spanwise-varying
inflow conditions.
Figure 1 illustrates how the inverse strip method works. The

contribution from each strip n � 1; : : : ; N is computed by the

Fig. 1 Representation of the inverse strip method.
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subtraction of the pressure PSD of a large-aspect-ratio (virtual) wing
using the infinite-span formulation (represented here by S�∞�

pp ) and a
second (virtual) wing at the same position, but with a span length
reduced by the size δ of the strip (represented by S�∞−n�

pp ). Both wings
have the same flow properties employed on the individual strip under
consideration.

D. Rapid Distortion Theory

When a flat plate is considered in Amiet’s theory, the von Kármán
spectrum for isotropic turbulence may be employed [17]:

Φww�k1; k2� �
4

9π

u 02

k2e

k21∕k2e � k22∕k2e
�1� k21∕k2e � k22∕k2e�7∕3

(5)

Here, u 0 stands for the rms axial velocity fluctuations and ke is the
average wave number of the energy-containing eddies given by
ke �

���
π

p
Γ�5∕6�∕�ΛΓ�1∕3��. Here, Γ is the Gamma function andΛ is

the turbulence integral length scale.
The airfoil leading-edge bluntness induces a modification of

the mean velocity field and turbulence properties [20,21]. This
phenomena can be modeled by the rapid distortion theory when the
timescale associatedwith the nonlinear turbulent interactions ismuch
larger than the fluid particle convection through the nonuniform flow
region. The turbulence intensity should also be small enough to not
significantly disturb themean flowfield. Furthermore, in the case of a
turbulent flow past an airfoil leading edge, the turbulence integral
correlation length scale should be larger than the boundary-layer
thickness [16].
The turbulence distortion occurring close to the airfoil leading

edge is related to the noise reduction observed in airfoils of increasing
thickness [22]. For instance, Glegg and Devenport [23] numerically
predicted the high-frequency noise reduction due to the rapid
distortion of turbulence occurring in the airfoil leading edge.
Likewise, a recent study from Ayton and Chaitanya [24] based on
rapid distortion theory showed, by analytical and experimental
means, the effect of the leading-edge radius and airfoil thickness on
gust–airfoil interaction noise. For low Mach numbers, they showed
that blunter leading edges led to a reduction in the far-field noise
radiation. However, they also observed that, at moderate Mach
numbers (M0 � 0.6), the blunter leading edge could increase far-
field noise in the upstream direction for high-frequency gusts. Such a
trend has been also observed in [13,18,25].
Moreu et al. [26] proposed the modification of the turbulence

upwash velocity spectrum by the rapid distortion theory when the
airfoil thickness was no longer negligible. Following this idea,
Christophe [15] derived the exact modification of the von Kármán
spectrum with the rapid distortion theory. This was also summarized
in the review article by Roger and Moreau [27]. In the present work,
themodified vonKármán isotropicmodel proposed in [15] is adopted
to account for the airfoil leading-edge turbulence distortion
phenomena:

Φww�k1; k2� �
91

36π

u 02

k2e

k21∕k2e � k22∕k2e
�1� k21∕k2e � k22∕k2e�19∕6

(6)

Here, the important parameters obtained from experimental or
numerical data are the turbulence integral length scale Λ that should
be measured away from the airfoil leading edge and the velocity
fluctuations u 0, which should be measured in the proximity of the
leading edge. Further details about this model were presented by de
Santana et al. [16].

III. Results

The present work assumes hypothetical flow configurations to
perform the noise predictions using the aforementioned techniques. In
this approach, the flow quantities are chosen such that they result in a
significant variation along the span direction, reproducing a scenario
close to that encountered in rotating devices. The mean flow, integral
length scale, and velocity fluctuation root mean square are assumed

to have a linear variation along the span, such that their respective
minimum and maximum values occur at the span limits. This analysis
assumes the nonuniform mean flow velocity varying from 25 to
55 m∕s and the velocity fluctuation root mean square given by
u 0�y� � 0.06U�y�, where y ∈ �−d; d� represents the spanwise
position. Finally, the integral correlation length varies linearly from
0.0125 to 0.0130 m. These values are based on the experimental work
from [16], to which the reader is referred for further details.
Acoustic predictions are computed by assuming either the

previously described nonuniform inflowcondition or a uniform inflow.
When the uniform inflow is considered, the spanwise distribution is
spatially averaged, i.e., the mean velocity is computed as

U0 � 1∕�2d�
Z �d

−d
U�y� dy

In the following results, we consider a uniform section wing with
c � 2b � 0.1 m chord and 2d � 1 m span. Acoustic predictions are
performed by considering two different far-field observer positions
x�1� � �0; 0; R� and

x�2� �
�
R

���
3

p

2
; 0; R

1

2

�

with R � 30c. The center of the Cartesian system is positioned in the
airfoil midchord and midspan.
Figure 2a verifies the current implementation of the inverse strip

method. In the present analysis, Amiet’s formulation [Eq. (1)] and the
inverse strip technique should provide the same noise levels when
one considers a high-aspect-ratio blade modeled as a flat plate
subjected to uniform inflow conditions. This figure presents the
acoustic pressure PSD considering three different formulations and
assuming uniform inflow conditions. Here, the inverse strip solution
is compared to the results of Eq. (1) (infinite-span formulation) and
Eq. (4) (finite-span formulation), where the black lines and symbols
represent the results of a blade of span 2d � 1 m. For all figures, Fin
denotes finite span, Inf denotes infinite span, FP denotes flat plate,
and InvS denotes inverse strip theory. In this test case, the three
approaches lead to the same results in the whole frequency range,
written in terms of the Helmholtz number He � kc. To guarantee
solution convergence and an industrially affordable computational
cost, the number of strips is set as NS � 20 for the inverse strip
method. The number of intervals of integration in Amiet’s finite-span
formulation [Eq. (4)] is NI � 800.
For a low-aspect-ratiowing, the sine cardinal approximation adopted

in the finite- and infinite-span calculations should lead todifferent results
[14]. This case is also illustrated in Fig. 2a,where the acoustic prediction
considers a short span flat plate with 2d � 0.2 m (results shown in
blue color). In this figure, the legend titles are analogous to those from
the black lines and symbols; hence, they are omitted. The high-
frequency contents of the spectra are similar for the threemethodologies
analyzed. However, for low frequencies, the infinite-span assumption
and the inverse strip method fail to reproduce the correct solution
obtained by the “finite-span” integration given by Eq. (4).
Figure 2b compares the aeroacoustic transfer function solutions

obtained analytically, prescribed byAmiet’s theory [7] and by theBEM,
both for a flat plate. Here, the flat-plate aspect ratio is set as 10
(2d � 1 m). The infinite-span assumption is expected to be a good
approximation when the BEM calculation is applied because the finite-
span formulation will be computationally expensive. Furthermore, if
such an assumption is not satisfied, the evaluation of spanwise-varying
inflowconditionswill rely on thedirect stripmethod throughcalculation
of Eq. (4), which could be problematic, as was shown in [14].
Figure 2b verifies the convergence of the numerical method (BEM)

bycomparing resultswith the analytic solution for a flat plate.Note that
the curves labeled Inf-FP-VK in Figs. 2a and 2b are the same. These
analyses allow an assessment of the effects of nonuniform spanwise
inflow quantities through the use of the inverse strip method and show
that the BEM and infinite-span solutions [Eq. (1)] have an excellent
agreement. The inverse strip solution, which accounts for nonuniform
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inflows, predicts increased noise levels when compared to the infinite-
span solution that considers a uniform inflow. For the current flow
configuration, the predicted noise radiation increase is observed for all
frequencies, reaching around 4 dB.
Thenumerical calculationof thegust–airfoil lift response requires the

application of boundary conditions analogous to the Schwarzschild
problem [13]. As shown in the previous reference, this procedure
requires a computational domain extending from beyond the airfoil
limits. Here, to assure that the low frequencies are properly solved, two
different domain limits are employed: xs ∈ �−7; 9� (using 5000

boundary elements) for frequencies higher than He � 5, and xs ∈
�−15; 17� (using 10,000 boundary elements) for lower frequencies. The
thickness of the extended computational domain is set to t � 0.008b in
theBEMcalculation (see [13] for details). The numerical approachused
here to compute the aeroacoustic transfer function performs two
iterations of the analogous Schwarzschild problem, including the
leading-edge scattering and the trailing-edge backscattering. Such an
approach shows good results for moderate and high frequencies;
however, themethodpresents discrepancies for lowHelmholtz numbers
(He ≲ 1), especially for oblique gusts [28]. In this previous case, more
iterations of the Schwarzschild problem should be conducted.
As mentioned in Secs. II.A and II.D, when nonzero thickness

airfoils are considered, the flow anisotropy and the reduction in the
magnitude of the aeroacoustic transfer function may significantly
contribute to the far-field noise prediction. Figure 3 shows how

these effects alter the acoustic pressure PSD, whether analyzed
independently or combined. Figure 3a presents results for a uniform
inflow where the aeroacoustic transfer functions are obtained by the
analytic solution for a flat plate, indicated by the solid lines. The
aeroacoustic transfer functions are also computed for a NACA 0012
airfoil via the BEM solution, presented in dashed lines. For both

cases, the von Kármán isotropic model (denoted VK) and the
modified model through rapid distortion theory (denoted RDT in the
figure) are assessed in the predictions. Figure 3b shows similar
results, however, considering a nonuniform inflow.
For the present flow configuration, the turbulence distortion occurs

close to the airfoil leading edge exhibiting the noise reduction
expected byGlegg andDevenport [23] in the high-frequency range of
the spectra. However, a notable increase in the noise radiation occurs
at low frequencies when the RDT is accounted for. The aeroacoustic
transfer function L obtained numerically for the NACA 0012 airfoil

reduces the acoustic pressure PSD in a general sense, except for
He ≃ 6, where the Spp remains unaltered from that of the flat plate.
However, this is merely due to the specific observer location. Finally,
by comparing Figs. 3a and 3b, the uniform and spanwise-varying
inflow conditions are compared, showing an increase of the PSD
levels of about 2 to 4 dB for the latter case.
Figure 4 compares the PSDs obtained by different aeroacoustic

transfer functions computed for a flat plate, aNACA0012, amodified
NACA 0012-103 [29], and a NACA 0018 airfoil. All transfer
functions are computed by the proposed BEM approach. The
modified spectrum for the RDT and the inverse strip method
are included in this analysis to bring a complete physics-based noise
prediction. For the observer location x�1� (Fig. 4a), the results in terms
of the flat plate and theNACA0012 are identical to those presented in
Fig. 3b. They are repeated here to allow a better assessment of the

airfoil thickness effect because the NACA 0018 and the modified
four-digit series NACA 0012-103 profile are also included. In this
case, the numerical evaluation of L for realistic airfoils leads to a
noise reduction in almost all the spectral range, with a maximum
reduction of nearly 4 dB. Hence, it has the same order of importance
of the spanwise-varying inflow.

a) Infinite span formulation (uniform inflow) b) Inverse strip method (non-uniform inflow)
Fig. 3 Spectrameasured at x�1� for aNACA0012 profile, comparing the influence of the vonKármán isotropicmodel, themodifiedmodel through rapid
distortion theory, and the modified aeroacoustic transfer function from the BEM.

a) Spanwise-uniform inflow conditions b) Spanwise-varying inflow conditions
Fig. 2 Acoustic spectra for observer x�1� obtained for a flat plate and the vonKármánmodel for isotropic turbulence. Black and blue legends indicate the
long and short spans: 2d � 1.0 and 0.2 m, respectively.
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A second observer location at x�2� is considered in Fig. 4b. This
observer is placed at a 30 deg angle with respect to the chordwise
direction, corresponding to a region of the scattered acoustic field
where more pronounced lobes appear in the pressure directivities
for the higher Helmholtz numbers analyzed. In this case, the
aeroacoustic transfer function has a higher impact in the noise
prediction, especially at high frequencies. This trend has been
observed in previous work [13,18,24–26], and it is due to the fact that
the directivity changes from the typical cardioid shape to that of a
compact dipole source for thicker airfoil profiles. In this sense, for the
flat plate, the lobes aremore pronounced at this observer location and,
when the finite thickness effect is accounted for, there is a reduction in
the noise radiation at this observer position.
In the present work, we also employ a NACA 0012-103 (which is a

modified NACA four-digit series) to analyze the effect of increasing
the airfoil leading-edge radius but maintaining the overall thickness
of the airfoil constant. The result for this case, shown in Fig. 4 in a blue
color, reviews that the modification of the aeroacoustic transfer
function for such a profile reduces the noise radiation for all
frequencies and observer positions analyzed when compared to the
standard NACA 0012. The blunter leading edge leads to an analogous
effect of increasing thickness because the spectrum is quite close to that
of the NACA 0018. In this sense, the trends obtained in this work are
similar to those from [24], showing that the leading-edge radius plays
an interesting alternative for reducing the gust–airfoil interaction noise.

IV. Conclusions

This work investigates the contribution from different method-
ologies employed together with Amiet’s theory for the leading-edge
noise prediction. The current methodology allows the noise prediction
of general airfoil profiles with spanwise-varying inflow conditions.

The inverse strip method for nonuniform flows is combined with the
rapid distortion theory to calculate the two-dimensional turbulence
spectrum, and the boundary element method is employed to compute
the aeroacoustic transfer function of general airfoil profiles.
It is shown that the RDT plays themost significant role on far-field

noise prediction. For high frequencies, when the airfoil can be
regarded as a noncompact source, theRDTmodel leads to a reduction
in the radiated far-field noise when compared to the von Kármán
model for isotropic turbulence. A similar observation is found in the
literature. However, for the low-frequency range, noise levels are
considerably increased with the RDT model. The spanwise-varying
inflow conditions analyzed in the current work are found to raise the
pressure PSD from 2 to 4 dB when compared to the uniform inflow
case investigated. On the other hand, the airfoil-gust lift response
computed for an airfoil with finite thickness is shown to reduce the
noise levels, especially for observer positions downstream of the
airfoil and for higher frequencies. The results also show that a blunter
leading edge generates an analogous effect that is similar to that of
increasing the airfoil thickness, i.e., reduction of the far-field noise.

Appendix: Validation of the Methodology

In this appendix, we combine the modifications used in this paper
for Amiet’s theory and apply the resulting model for a jet–airfoil
interaction noise problem. The results are then compared to those
presented in [15]. Here, the problem consists of a NACA0012 profile
with c � 2b � 0.041 m chord and 2d � 8.78c span placed at a zero
angle of attack and at 6c distance from the jet outlet. The jet diameter
and the airfoil chord both have the same length, and the jet outlet
velocityU0 is fixed at 13.2 m∕s, resulting in a flowReynolds number
close to 36,000 based on the airfoil chord length. A commercial
software is used to simulate the unsteady turbulent flow around the

a) Observer at x(1) b) Observer at x(2)

Fig. 4 Comparison of spectra obtained for a flat plate, a NACA 0012, a modified NACA 0012-103, and a NACA 0018 profile using the modified von
Kármán model with RDT and the inverse strip method, and considering a nonuniform inflow.

a) Autocorrelations b) Noise spectra
Fig. A1 Comparison of spectra obtained for a jet–airfoil noise interaction using a NACA 0012 profile.
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airfoil, and the far-field sound spectrum of the numerical simulation
is obtained through Curle’s formulation. The far-field measurements
are performed at an observer distance of 4.878c from the airfoil center.
In addition, an experiment is conducted under similar geometrical and
flow conditions. The reader is referred to [15] for details about both the
numerical and experimental procedures.
In Fig. A1a, the mean velocity, the integral length scale, and the

turbulence intensity profiles from [15] are plotted. Figure A1b, in
turn, shows the noise spectra obtained by the different approaches.
The combined model used in the present work, indicated as BEM-
InvS-0012-RDT, shows a good agreement to the experimental and
numerical results from [15], validating the present methodology. We
also observe that, at the highest frequencies, the experimental noise
spectrum is dominated by the background noise, causing the
mismatch between the current numerical model and the other results.
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