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The analytical model for leading-edge noise prediction formulated by Amiet, developed for
a flat plate, relates the far-field acoustic pressure to the upstream inflow conditions, modeled
by canonical turbulence spectra. The inaccurate results provided by this low-fidelity method
when applied to thick airfoils has been attributed to the distortion experienced by turbulent
structures when approaching the airfoil, not modeled in the original formulation of Amiet.
The first attempts to account for the effects of this physical mechanism consisted of modifying
the term representing the incoming turbulence by means of the analytical results of the rapid
distortion theory, obtaining a promising improvement of the noise-prediction accuracy.

This paper aims to set up the physical framework to investigate the relation between
turbulence distortion and noise-generation mechanisms with the purpose of enhancing inflow-
turbulence noise modeling. A numerical database obtained for a rod-airfoil configuration has
been chosen to allow the analysis of the vortex dynamics when interacting with a body. The
analysis of the velocity field near the leading edge has highlighted that the extension of the region
where turbulence distortion occurs depends on the size of the incoming turbulence structures.
Furthermore, surface pressure fluctuations have been observed to peak at the same position
along the airfoil where the pressure gradient in the streamwise direction is maximum. A novel
approach has been proposed to account for turbulence distortion in Amiet’s model by using as
input the turbulence spectrum directly sampled in this position. A satisfactory agreement with
the prediction provided by the solid formulation of the Ffowcs-Williams and Hawkings analogy
has been obtained.

I. Introduction

The noise generated by wind turbines represents one of the most significant obstacles to the diffusion of onshore wind
energy as a well-established alternative energy source. Wind turbines acoustic performances are mostly affected

by aeroacoustic sources, with respect to mechanical ones [1–3], with several and physically different unsteady flow
mechanisms contributing to the noise generation.

The present work focuses on turbulent inflow noise, also defined as leading-edge noise, related to the interaction of
the blade with turbulence in the incoming flow. In the case of wind turbines, turbulence may be due to the atmospheric
boundary layer, the wake of upwind turbines in a wind farm, or the wakes from trees and buildings in case of installations
close to urban environments [4–6]. The accurate physical modeling of this flow-induced noise source could bring a
significant improvement to the state-of-the-art of noise-prediction methods, and this is the reason why it is still the
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subject of significant research [2, 7–12]. Indeed, industrial applications mainly account for this noise mechanism by
means of analytical models, which relate the far-field noise to a statistical description of the incoming velocity field
[7, 13–15], hence neglecting possible effects of the body geometry on the flow behaviour. This is the case of the
analytical model developed by Amiet [7], which is at the base of many currently implemented low-fidelity approaches.
The method is based on the response to incoming perturbations of a flat plate, and it has been shown to be less accurate
in the case of thick airfoils [15–17].

Paterson and Amiet [14] showed that, for a NACA-0012 airfoil, Amiet’s model provides accurate predictions
for high Mach numbers. However, noise is overestimated at higher frequencies as the flow velocity decreases. An
order-of-magnitude criterion for the breakdown of the theory was identified where the size of the eddies becomes
comparable with the airfoil thickness, i.e., when 𝑈/ 𝑓 𝑡 ≤ 1, 𝑈 being the mean flow velocity, 𝑓 the sound frequency
and 𝑡 the airfoil thickness. The discrepancy between experimental measurements and low-fidelity prediction has also
been observed in the low-frequency range for a full-scale wind turbine. Buck et al. [18] tested a 2.3 MW wind turbine
and compared the measurements with the results provided by Amiet’s theory. Interestingly, the study showed that
inflow-turbulence noise is dominant in the low-frequency range (up to 450 Hz for the considered application), where the
model, despite a correct estimation of the slope of the spectra, yielded a general underestimation of 5 dB with respect to
the experimental spectra.

The distortion of the turbulent structures caused by the presence of the airfoil has been assumed to affect leading-edge
noise generation [10, 11, 19]. The reduced accuracy of the prediction provided by low-fidelity methods for thick airfoils
could be hence explained by the fact that the previous mechanism is not properly taken into account in the noise
generation modeling. A thorough understanding of the effects of turbulence distortion could hence identify a possible
enhancement for leading-edge noise prediction models. In this regard, an effective analytical framework that can be
employed to calculate the turbulence distortion around an airfoil with a nonnegligible thickness is the rapid distortion
theory (RDT), originally formulated by Hunt [20]. In his work, Hunt carried out a wavenumber analysis to compute the
homogeneous turbulent flow past a cylinder. Velocity spectra and variances were derived in the asymptotic cases where
the turbulence integral length scale 𝐿 can be considered much smaller or larger than the characteristic dimension of
the bluff body 𝑎. From a physical point of view, the results of this investigation (validated by several experimental
studies [21, 22]) identified different mechanisms with which the turbulent structures are deformed according to the
above-mentioned ratio 𝐿/𝑎. In particular, for 𝐿/𝑎 ≫ 1, the prevailing distortion mechanism is due to the blockage
imposed by the presence of the body. This mechanism causes a momentum transfer between the streamwise and the
upwash velocity components of a fluid element approaching the airfoil along the stagnation streamline. As a result, the
streamwise-velocity fluctuations decrease near the surface, while the upwash ones increase. For small-scale structures
(𝐿/𝑎 ≪ 1), the dominant distortion mechanism is instead determined by the deformation of the vorticity field due to the
deflection of the streamlines upstream and around the body. The altered vorticity field, in turn, induces changes in the
velocity fluctuations depending on the stretching or shortening of the vortex lines as they are convected towards the
body. In particular, the streamwise- and spanwise-velocity fluctuations increase, while the upwash ones decrease.

The first attempts to use the findings of the RDT to enhance leading-edge noise prediction consisted of modifying the
spectrum used to describe the upstream flow conditions in Amiet’s model. More specifically, the analytical expression
of the canonical turbulence spectrum was modified using the results of the RDT and scaled with statistical quantities
sampled nearby the airfoil. This approach was proposed by Moreau and Roger [10], who formulated a correction to
the von Karman spectrum with the purpose of including the effects caused by turbulence distortion in the case of a
NACA-0012. A good agreement with the experimental measurements was achieved by applying Amiet’s model with
this modified spectrum as input. A similar procedure was also followed by Christophe [19] and de Santana et al. [11],
who used the findings of Hunt for the small-scale structures asymptotic case to modify the von Karman spectrum, which
was then scaled sampling the turbulence intensity and integral length scale in the vicinity of the airfoil leading edge.
Amiet’s model using this spectrum in input yielded a better match with the experimental results with respect to the
original formulation.

Despite these promising results, these works were mainly focused on the modification of Amiet’s model and the
alteration of the velocity field, and no extended physical analysis was performed to assess the impact of turbulence
distortion on the noise generation mechanisms and hence generalize the result.

The goals of the present work are to understand the behavior of turbulence in the interaction with the leading edge
of the airfoil to assess the effects of distortion on the noise generation and to determine the potential benefits, in terms of
accuracy, of including this physical mechanism into the leading-edge noise prediction. This analysis has been hence
completed by applying Amiet’s model considering in input a turbulence frequency spectrum sampled in the region
where turbulence distortion is occurring.
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To pursue these objectives, an existing numerical lattice-Boltzmann Method (LBM) database developed and validated
by Teruna et al. [23] has been considered. The dataset consists of a rod-airfoil configuration reproducing the benchmark
arrangement proposed by Jacob et al. [24] where a NACA-0012 airfoil interacts with the turbulence shed by an upstream
cylinder. The resulting sound field is thus characterized by broadband noise dominated by a shedding frequency.

The present paper is structured as follows. First, the developed methodology is explained in detail in Section II. The
achieved results are reported and discussed in Section III. Finally, the conclusions are drawn in Section IV.

II. Methodology

A. Flow Solver
The flow field around the airfoil has been computed using the commercial software 3DS Simulia PowerFLOW 5.4b,

previously used for analyzing other wake-body interaction cases [25–27]. Lattice-Boltzmann equations, which compute
the advection and collision of fluid particles using a statistical gas kinetic model, are at the base of the numerical
technique. The discretization has been performed using 19 discrete velocities in three dimensions (D3Q19), using a
third-order truncation of the Chapman-Enskog expansion [28]. The explicit time integration and collision model based
on Bhatnagar-Gross-Krook (BGK) [29] are used. This model introduces a relaxation of the particle distribution function
towards that of Maxwell-Boltzmann that describes gas particles at rest. Flow variables are calculated by integrating the
particle distribution functions over the 19 discrete state directions. Turbulent fluctuations are modeled by extending the
lattice-Boltzman Method (LBM) to include an effective turbulent relaxation time [30], which replaces that in the BGK
model. The effective relaxation time is computed using the two-equation 𝑘 − 𝜖 renormalization group [31] model. The
nonlinearity of the Reynolds stresses can be hence taken into account by this procedure, which is subsequently referred
to as very-large eddy simulation (VLES) [32].

The lattice-Boltzmann scheme is applied on a unit lattice defined as voxel. The dimension of this volumetric element
in adjacent resolution regions of the simulation domain varies by a factor of 2. Surface elements referred as surfels are
used to discretize surfaces of solid bodies in the positions where they are intersected by a voxel. The fluid particle
interaction with the solid surface is governed by the wall-boundary condition, such as particle bounce-back process for
no-slip wall and specular reflection for slip wall [33]. The wall-shear stress is approximated by means of a wall function
applied on the first wall-adjacent grid. The function is based on the generalized law-of-the-wall model [34], extended to
consider the effects of pressure gradient and surface roughness.

The Ffowcs-Williams and Hawkings (FW-H) acoustic analogy [35] in the formulation 1A of Farassat and Succi
[36] with forward-time solution [37] has been utilized to compute far-field noise. The sound sources have been
considered both on a permeable surface enclosing rod and airfoil in the near-field region and on the airfoil surface. In
the former application, the contribution of dipole sources at the surface of solid objects and of quadrupole sources in the
turbulent-flow field have been considered, whereas, in the latter, only the dipole sources acting on the airfoil surface
have been taken into account.

B. Simulation setup and post-processing
As mentioned in Section I, the configuration studied by Teruna et al. [23], validated using experimental and

numerical works, uses the same rod-airfoil setup considered by Jacob et al. [24] to analyze the noise reduction obtained
using leading-edge serrations and porous materials.

In the present work, the airfoil is a NACA-0012 with solid leading edge with a chord 𝑐 = 0.1 m, whereas the rod has
a diameter 𝑑rod = 0.01 m. The radius of the leading edge is calculated considering the thickness and chord of the airfoil
as 𝑟LE = 1.1019 t2airfoil𝑐, which yields 𝑟LE = 0.0016 m. The distance between the leading edge of the airfoil and the
trailing edge of the rod is equal to the airfoil chord 𝑐 = 0.1 m, whereas the center of the rod is placed 1.5 𝑐 downstream
of a rectangular open-jet nozzle. The span is 3 𝑐 for both rod and airfoil, which are placed between side plates. Kato’s
correction for acoustic computations [38], necessary for simulations with narrow spans, is hence not required in this
case.

An isometric view of the setup is reported in Fig. 1 while a sketch with a side view of the simulation domain is shown
in Fig. 2. The domain is a cube with sides equal to 40 𝑐 centered at the leading-edge midspan, which is also the origin of
the reference system with axes 𝑥 in the streamwise direction, 𝑦 in the vertical direction, and 𝑧 in the spanwise direction.

The free-stream velocity of 72 m s−1 is obtained by prescribing the mass flow at the nozzle inlet. Zero-velocity inlet
condition is imposed on the domain boundaries with the exception of the downstream face, where the outlet is assigned
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Fig. 1 Isometric view of the rod-airfoil setup. Image from Teruna et al. [23]

Fig. 2 Side view of the rod-airfoil setup (the outer boundaries are not drawn to scale). Microphone locations for
far-field noise computation are indicated with blue crosses. Image from Teruna et al. [23]

with a static pressure of 100 kPa. In addition, all the solid surfaces, except for the nozzle walls, are defined as no-slip
walls. To prevent the sound waves from being reflected by the boundaries, an acoustic buffer zone is defined outside of a
spherical boundary enclosing the near-field region.

13 voxel refinement regions are defined in the simulation domain, with the finest grid dimension being 8 × 10−3𝑑rod
near the rod. This implies that 125 voxels are assigned along the rod diameter, and the resulting average 𝑦+ is 25 on the
rod and 15 on the airfoil. In total, the simulation domain is discretized in 200 × 106 voxels in the finer configuration.

Both permeable and solid formulations of the FW-H analogy are used to compute the far-field noise. The results
of the solid formulation considering only the airfoil surface are used as a reference to compare the implementation
of Amiet’s model. The acoustic pressure is acquired on the permeable FW-H surface with a sampling frequency of
29.5 Hz, while the surface pressure and quantities in the flow field have been recorded at a rate of 15 kHz. Welch’s
method with a Hanning window with 50 % overlap has been used to obtain the power spectral densities with a frequency
resolution of 100 Hz. A physical timestep of 1.33 × 10−7 s for 67 flow passes along the airfoil chord has been used to
carry out the simulation, resulting in a total physical time of 0.108 s if the transient of 10 flow passes is excluded. The
simulation time is also equal to 150 vortex-shedding cycles.

To isolate the physics of the different turbulence scales, the band-pass filtering implemented in PowerACOUSTICS
has been applied to the flow field. The filter is an optimized fast Fourier transform (FFT) with a trapezoidal window
that tapers the first and last 5 % of the signal to zero without altering the central 90 %. The overall frequency band
goes from 360 Hz to 7200 Hz, corresponding respectively to Std = 0.05 and Std = 1, where Std is the Strouhal number
calculated with respect to the rod diameter 𝑑rod. This range, coincident with that considered by Teruna et al. [23], has
been identified considering the sampling frequency used in the simulation and with the aim of discarding low-frequency
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Table 1 Band-pass filter frequency bands. The Strouhal Std is calculated with respect to the rod diameter and
using the free-stream velocity𝑈∞.

Band 𝑓1 𝑓2 St1 St2
Hz Hz

1 360 1800 0.05 0.25
2 1800 3600 0.25 0.50
3 3600 7200 0.50 1.00

inaccuracies in the spectral analysis. Three frequency bands have been identified to perform the band-pass filter (see
Table 1). These bands have been selected to consider separately large-, mid-, and small-scale turbulence, with the
vortex-shedding peak included in the low-frequency range. At the moment, these ranges have been set arbitrarily based
on the analysis of the acoustic results obtained in the present work.

The directivity patterns have been calculated considering an arc in the 𝑥 − 𝑦 plane with a radius of 𝑅 = 9.25 𝑐
centered at the airfoil leading edge, with the points separated with a 10◦ increment and ranging from 0 to ±150◦. The
upstream direction is at the angular position \ = 180◦, and the downstream one coincides with the angular position
\ = 0◦. The results have been analyzed separately using three different Strouhal bands coincident with the bands used to
perform the band-pass filter.

C. Amiet’s model
A brief summary of Amiet’s theory is provided hereafter. The notation used is consistent with that used by Amiet

[39], but the axes (and consequently the notation for the velocity components) have been changed to be consistent
with the reference system used in the present simulation: 𝑥 is the streamwise (or horizontal) direction, whose velocity
component is 𝑢, 𝑦 is the upwash (or vertical) direction with 𝑣 as velocity component and 𝑧 is the crosswise (or lateral)
direction with velocity component 𝑤. The model relies upon two simplifying hypotheses: the turbulence is supposed to
be "frozen" in the convection and during the interaction, and the blade is considered to be an infinitely thin flat plate of
chord 2𝑏 and with a large span 2𝑑 (therefore neglecting the effects of thickness, camber, and angle of attack). These
hypotheses allow the incident gust with which the flat plate is interacting to be modeled as a two-dimensional upwash
velocity gust with amplitude 𝑣0 and transverse wavenumbers 𝑘𝑥 and 𝑘𝑧 , whose expression is

𝑣𝑔 = 𝑣0e𝑖 [𝑘𝑥 (𝑈∞𝑡−𝑥 )−𝑘𝑧 𝑧 ] , (1)

𝑈∞ being the freestream velocity. The pressure jump across the flat plate is hence expressed as a function of this gust.
By calculating the cross-spectral density of the surface pressure on the airfoil and using Curle’s theory [40], the loading
acting on the airfoil can be related to the far-field acoustic pressure 𝑆𝑝𝑝 , which is finally expressed as

𝑆𝑝𝑝 (𝒙, 𝜔) =
(
𝜔𝑦𝜌∞𝑏

𝑐∞𝜎2

)2
𝜋𝑈∞𝑑

∫ +∞

−∞

sin2
[
𝑑

(
𝑘𝑧 + 𝜔𝑧

𝑐∞𝜎

)]
(
𝑘𝑧 + 𝜔𝑧

𝑐∞𝜎

)2
𝜋𝑑

|L (𝒙, 𝐾𝑥 , 𝑘𝑧) |2 Φ𝑣𝑣 (𝐾𝑥 , 𝑘𝑧) d𝑘𝑧 , (2)

where 𝜎 =

√︃
(𝑥 − 𝑥0)2 + 𝛽2

[
(𝑦 − 𝑦0)2 + (𝑧 − 𝑧0)2] accounts for the effects of convection, with 𝛽 =

√
1 − 𝑀2 being the

compressibility factor, and Φ𝑣𝑣 (𝐾𝑥 , 𝑘𝑧), with 𝐾𝑥 = −𝜔
𝑈∞

, is the two-dimensional wavenumber turbulence spectrum. The
observer location is indicated with 𝒙 = (𝑥, 𝑦, 𝑧). L is the total aeroacoustic transfer function: it is derived as the sum of
the leading-edge term L1 and trailing-edge term L2, which express the noise emitted by the primary scattering of the
incoming turbulence at the leading edge and the back-scattering correction [41] of that incident field at the trailing edge,
respectively. In the case of a flat plate, this function can be calculated analytically, while, for thicker airfoils, ad hoc
numerical analyses must be carried out [42].

A simplified formulation of Amiet’s model has been implemented in the present work. Equation 2 can indeed be
simplified by assuming a large span and considering a listener in the midspan plane of the airfoil:

𝑆𝑝𝑝 (𝑥, 𝑦, 0, 𝜔) =
(
𝜔𝑦𝜌∞𝑏

𝑐∞𝜎2
0

)2

π𝑈∞𝑑 |L (𝒙, 𝐾𝑥 , 0) |2 𝜙𝑣𝑣 (𝜔) 𝑙𝑧 (𝜔) , (3)
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where 𝜙𝑣𝑣 is the power spectral density (PSD) of the vertical velocity fluctuations, and 𝑙𝑧 is the spanwise coherence
length of the velocity fluctuations impinging on the airfoil, calculated considering the spanwise distribution of the
vertical velocity component in the same positions where the frequency spectrum has been sampled.

The aeroacoustic transfer function L has been implemented following the expression of de Santana et al. [11, 43]
and reported hereafter:

L1
(
𝑥, 𝑦, 𝑧, 𝑘𝑥 , 𝑘𝑦

)
=

1
π

√︄
2(

�̄�𝑥 + 𝛽2^
)
\1

E∗ (2\1) ei\2 ; (4)

L2
(
𝑥, 𝑦, 𝑧, 𝑘𝑥 , 𝑘𝑦

)
≃ ei\2

π\1

√︃
2π

(
�̄�𝑥 + 𝛽2^

) {
i
(
1 − e−2i\1

)
+ (1 − i)

[
E∗ (4^) −

√︂
2^
\3

e−2i\1 E∗ (2\3)
]}
, (5)

where \1 = ^ − `𝑥/𝜎0, \2 = ` (𝑀 − 𝑥/𝜎0) − π/4, \3 = ^ + `𝑥/𝜎0, ^2 = `2 − �̄�𝑧/𝛽2, and ` = �̄�𝑥𝑀/𝛽2. The
normalization of the wavenumbers is obtained by multiplying them by half the chord 𝑐/2, and is indicated by the symbol
¯(·). The function E∗ (𝑥) is a combination of the Fresnel’s integrals C2 and S2 with the following expression

E∗ (𝑥) =
∫ 𝑥

0

e−i𝑡
√

2π𝑡
d𝑡 = C2 (𝑥) − iS2 (𝑥) ;

with
C2 (𝑥) =

1
√

2π

∫ 𝑥

0

cos (𝑡)
√
𝑡

d𝑡;

S2 (𝑥) =
1

√
2π

∫ 𝑥

0

sin (𝑡)
√
𝑡

d𝑡.

These integrals have been calculated using a standard Matlab routine. Finally, the total aeroacoustic transfer function
L is retrieved as the summation of the two contributions L1 and L2 above introduced. This formulation has been
implemented using the commercial software Matlab.

D. Flow characterization
The integral length scale is computed to assess the scale of the turbulence structures the airfoil will interact with. It

has been calculated using the formula from Pope [44], reported hereafter:

𝐿𝑚𝑖 𝑗 (𝒙, 𝑙) =
∫ ∞

0
𝑅𝑚
𝑖 𝑗 (𝒎) d𝑙 =

∫ ∞

0

⟨𝑢𝑖 (𝒙 + 𝒍𝒆𝑚) 𝑢 𝑗 (𝒙)⟩
𝑢𝑖 (𝒙) 𝑢 𝑗 (𝒙)

d𝑙 . (6)

𝑅𝑚
𝑖 𝑗
(𝑥) is the correlation coefficient calculated with respect to a reference location 𝑥, 𝑢𝑖 and 𝑢 𝑗 are the turbulent velocity

fluctuations components in the 𝑖th and 𝑗 th directions respectively, 𝒆𝑚 is the unitary vector in the 𝑚th direction, and
𝑙 = 𝒍 · 𝒆𝑚 is the separation length from the reference location. ⟨·⟩ is the temporal-averaging operator with the assumption
that the turbulent fluctuations in the rod wake are ergodic.

The results of the calculation are reported in Table 2. The expression is applied in Matlab using a discrete integration
characterized by a spatial separation of 0.1 𝑑rod along the streamwise (or horizontal) direction 𝑥, the upwash (or vertical)
direction 𝑦, and the crosswise (or lateral) direction 𝑧, whose respective velocity components are 𝑢, 𝑣, and 𝑤 [23]. In the
table, the ratios with respect to both rod diameter and leading-edge radius are shown. The latter, in particular, can be
used as a criterion to understand the turbulence distortion mechanisms using the results of the RDT [45]. In this case,
since the ratio between the integral length scales in the streamwise direction and the radius of the leading-edge circle is
much larger than 1, we can conclude that the general behavior of turbulence in the interaction with the airfoil will follow
the asymptotic case 𝐿

𝑎
≫ 1 of the RDT. This result implies that the present configuration can be rightfully used as a

simplified model to assess the impact of turbulence distortion on the noise generation for wind turbine applications, for
which the involved turbulence scales are much larger than the radius of the leading-edge circle.

III. Results

A. Turbulence-distortion mechanisms
The root-mean-square of the band-pass filtered velocity fluctuations along the stagnation streamline are shown in

Fig. 3. It can be noticed that, in the vicinity of the airfoil, the trends of both horizontal and vertical velocity components
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Table 2 Integral length scale 𝐿𝑚
𝑖 𝑗

in the rod wake at 2.5 𝑑rod upstream of the airfoil leading edge.

Ratio 𝐿𝑥
𝑢𝑢 𝐿

𝑦
𝑣𝑣 𝐿𝑧

𝑤𝑤
𝐿𝑚
𝑖 𝑗

𝑑rod
1.5 1.10 0.73

𝐿𝑚
𝑖 𝑗

𝑟LE
9.45 6.93 4.60

(a) Horizontal velocity component. (b) Vertical velocity component.

Fig. 3 Root-mean-square of the horizontal (left side) and vertical velocity (right side) component fluctuations
along the stagnation streamline for different frequency bands (see Table 1).

abruptly change, as expected for the 𝐿
𝑎
≫ 1 asymptotic case according to the RDT. The horizontal component decreases

near the stagnation point because of the blockage caused by the body, while the vertical one strongly increases because of
the momentum transfer. These trends agree with the experimental and numerical results of Bearman [21] and Zamponi
et al. [46]. Interestingly, the velocity fluctuations in the mid- and the high-frequency range (dotted and dash-dotted lines,
respectively) change their trends at a distance that decreases with the increasing frequency.

In this regard, it is worth analyzing the velocity components turbulence spectra sampled along the stagnation
streamline. Four positions have been identified by observing the trends of the root-mean-square of the velocity
components with the purpose of accounting for the regions where the different turbulence scales start to be affected by
the presence of the body. The distances of these sampling points with respect to the leading edge of the airfoil have been
expressed as fractions of the airfoil chord and the radius of the leading edge (Table 3).

The frequency spectra of the horizontal and the vertical velocity components are reported in Fig. 4. The alteration
of the velocity components due to turbulence distortion can be clearly recognized: the low- and the mid-frequency
parts of the spectra, up to Std = 0.5, corresponding to larger turbulence scales, decrease in the case of the horizontal
component, whereas increase for the vertical velocity component, consistently with the analytical findings of the RDT
and Zamponi [45] and the experimental measurements of Bearman [21]. The high-frequency part of the spectrum, on
the other hand, despite the sampling performed very close to the stagnation point, is practically coincident for all the
spectra for both the velocity components. This is a confirmation of the fact that the turbulence scales considered in the
present configuration are much larger than the radius of the leading-edge circle, allowing hence to observe the physical
mechanism characterizing the distortion of large turbulence scales.

This analysis shows that turbulence structures start to be affected by the presence of the airfoil at a distance that is
proportional to their size: larger structures will start deforming more upstream than smaller ones. If this result, on the
one hand, seems reasonable, on the other hand, it adds a new perspective to the conclusions of Mish and Devenport
[47, 48] and de Santana et al. [11], who found that the effects of turbulence distortion can be recognized within 1𝑟LE from
the stagnation point on the airfoil, therefore suggesting a dependence on the geometry of the body. The present result
would indicate that the extension of the region where turbulence distortion occurs is related to the size of the turbulence
structures involved. This finding mainly implies that an analysis of the inherent characteristics of the turbulence in
the vicinity of the body must be carried out in order to thoroughly include the effects of turbulence distortion in the
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Table 3 Upstream points coordinates along the stagnation streamline

Upstream Point 𝑥
𝑟LE

𝑥
𝑐

Distance
[m]

1 −0.31 −0.005 −0.0005
2 −0.63 −0.010 −0.001
3 −1.25 −0.020 −0.002
4 −6.25 −0.100 −0.010

(a) Horizontal velocity component frequency spectra. (b) Vertical velocity component frequency spectra.

Fig. 4 Turbulence frequency spectra of the horizontal (left side) and vertical (right side) velocity components.
The spectra have been sampled along the stagnation streamline at different distances from the airfoil leading
edge.

modeling of the leading-edge noise generation mechanisms.

B. Impact of turbulence distortion on the surface pressure
The analysis of the surface pressure can provide information about the relation between the distortion mechanisms

and noise generation, considering that, according to Curle’s analogy [40], the unsteady loading distribution on the
surface of the body is related to the far-field sound. Unsteady pressures along the airfoil surface have been considered in
the midspan plane, similar to the velocity field in the previous subsection. The root-mean-square values of the surface
pressure fluctuations are reported in Fig. 5 with respect to the curvilinear abscissa 𝑠. It is interesting to notice that the
position along the airfoil surface where the pressure fluctuation is maximum is slightly downstream of the stagnation
point. This result is consistent with the findings of Zamponi et al. [49], who considered a NACA-0024 interacting
with the wake of an upstream circular rod. By comparing the trend of the root-mean-square of the surface pressure
fluctuations with the time-averaged nondimensional pressure gradient along the airfoil in the streamwise direction, it
can be shown that the position of maximum surface pressure fluctuations coincides with the pressure-gradient peak.

This physical observation identifies a connection between the pressure fluctuations on the surface, related to the
noise generation, and the pressure gradient on the leading edge, which is instead linked to the pressure distribution
along the airfoil and hence to the mean flow behavior around the body.

C. Application of Amiet’s model
The results obtained by the analysis of the velocity field and the surface pressure are therefore used to keep into

account the effects of turbulence distortion in Amiet’s model. The proposed approach is to sample the vertical-velocity
spectrum at the location of maximum surface-pressure fluctuations. The normal to the airfoil surface is considered at
the peak location of the root-mean-square value of the surface-pressure fluctuations, and the spectrum is sampled at a
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Fig. 5 Analysis of the surface pressure. The time-averaged pressure gradient in the midspan plane is compared
with the root-mean-square of the surface pressure fluctuations.

distance of 0.3 𝑟LE from the airfoil surface to avoid sampling in the voxel closest to the surface of the body.
Amiet’s model has been hence applied using Eq. 3. The observer location has been considered to be right above the

leading edge (\ = 90 deg) in the midspan plan at a distance of 𝑅 = 9.25𝑐. The solid formulation of the FW-H analogy
has been used to calculate the noise prediction in the same observer position while neglecting the contribution coming
from the rod. The result of the permeable formulation has been however reported for the sake of completeness.

The comparison between the analytical prediction and the FW-H analogy is reported in Fig. 6. A generally good
agreement can be observed between the two methods for most parts of the frequency spectrum, although a significant
discrepancy between the solid FW-H and Amiet’s model is present for Std > 0.7 in terms of both slope of the spectrum
and noise levels. However, it must also be noted that the abrupt fall of the solid FW-H at Std > 0.7 is due to the
low sampling frequency imposed to acquire the surface pressure along the airfoil in the numerical simulation (area
highlighted in grey in Fig. 6). Indeed, the results provided by the permeable formulation, for which the pressures have
been acquired at twice the sampling frequency used on the airfoil surface, are not affected by this decay and feature a
good match with the analytical prediction also in this frequency range.

The best agreement is found in the frequency range up to Std ≃ 0.25. For 0.25 < Std < 0.5, the slope is correctly
predicted, but a clear underestimation of the noise levels is present. Nevertheless, in the high-frequency part of the
spectrum, the "distorted" spectrum provides again a satisfying match with the solid FW-H results up to the threshold of
Std = 0.7

The conclusions drawn above are also confirmed by the far-field noise directivity patterns shown in Fig. 7. The
results of the analytical prediction agree with those of the solid FW-H for all three Strouhal bands. The pattern predicted
by Amiet’s model overlaps with the one provided by the solid formulation of FW-H for the 0.05 < Std < 0.25 band at
all the angular positions. In the mid- and high-frequency range, it can be noticed that the directivity pattern is losing the
dipolar shape observed for the low-frequency band plots, turning almost into a cardioid shape because of the noncoherent
sound emission occurring in these frequency ranges from the leading edge. For the 0.25 < Std < 0.5 band, the shape
of the directivity pattern is correctly predicted by Amiet’s model, but it is also clear that an overall underestimation
up to 5 dB is obtained at all angular positions with respect to the prediction provided by the FW-H analogy. In the
high-frequency band (0.5 < Std < 1), a good agreement is again found. Indeed, Amiet’s model correctly calculates the
directivity pattern, with the exception of an overestimation of around 5 dB for the two lobes at \ = 30◦ and \ = 330◦.

IV. Conclusions
A novel approach to account for the effects of turbulence distortion in the prediction of leading-edge noise has been

proposed in the present work. The analytical model developed by Amiet has been modified by considering in input a
turbulence spectrum sampled in the flow-field region where the distortion occurs, to consider the alterations experienced
by the velocity components near the airfoil leading edge and, consequently, their impact on the far-field noise.
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Fig. 6 Sound spectrum in the far-field calculated for an observer placed at 𝑅 = 9.25 𝑐 and \ = 90◦, with the
angular position computed with respect to the downstream direction. The results of Amiet’s implementation
considering the "distorted" spectrum as input are compared to the calculation provided by the solid formulation
of the FW-H analogy. The reference pressure used to calculate the SPL is 2 × 10−5 Pa.

A rod-airfoil configuration has been selected to carry out the analysis of the vortex dynamics and generalize the
acoustic investigation considering both broadband and tonal sound components. The trend of the root-mean-square
values of the velocity fluctuations along the stagnation streamline in the vicinity of the airfoil leading edge are in
agreement with the RDT predictions: the vertical-velocity component increases substantially at the expense of the
horizontal one, which must decrease because of the no-penetration condition. The analysis of the band-pass filtered
velocity fluctuations has shown that these distortion mechanisms start occurring at a distance from the stagnation point
related to the size of the turbulent structures. This result suggests that turbulence distortion is not occurring within a
distance from the body related to a geometrical characteristic but depends on the inherent dimensions of the scales
involved in the interaction.

The surface pressure in the midspan plane has also been considered to investigate the effects of turbulence distortion
on noise generation. From the analysis of the root-mean-square values, it arose that the highest surface-pressure
fluctuations are obtained downstream of the stagnation point, at the position where the pressure gradient along the
airfoil is peaking. This observation suggests that the noise-generation efficiency is related to the intensity of the pressure
gradient and, hence, the flow acceleration around the leading edge.

The results of this study have been therefore used to modify Amiet’s model by sampling the turbulence spectrum at
the position where the pressure fluctuations are the largest: this analytical method has shown good agreement with the
numerical results obtained with the FW-H analogy, in terms of both sound pressure levels and directivity patterns.

This study represents a first step toward a more thorough understanding of the relationship between turbulence
distortion and leading-edge noise generation with the purpose of enhancing noise prediction by means of low-fidelity
methods. Yet further investigations are necessary to investigate the behavior of the different turbulent structures in the
interaction with the airfoil and to define and corroborate the impact of this physical mechanism on the surface pressure
distribution.
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(a) Low-frequency range. (b) Mid-frequency range.

(c) High-frequency range.

Fig. 7 Far-field noise directivity patterns. Comparison of Amiet’s Model with the "distorted" spectrum as
input and the FW-H solid results.
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