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Investigation of Curle’s Dipolar Sources on a Porous Airfoil
Interacting with Incoming Turbulence
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S. Moreau¶
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von Karman Institute for Fluid Dynamics, Sint-Genesius-Rode 1640, Belgium

Integrating porous materials into the structure of an airfoil constitutes a promising passive
strategy for mitigating the noise from turbulence-body interactions that has been extensively
explored in the past few decades. When a compact permeable body is considered in the
aeroacoustic analogy derived by Curle to predict this noise source, a dipole associated with the
nonzero unsteady Reynolds stresses appears on the surface in addition to the dipole linked to the
pressure fluctuations. Nevertheless, the relative contribution of this source on the far-field noise
radiated by a porous wing profile has not been clarified yet. The purpose of the current research
work is twofold. On the one hand, it investigates the impact of porosity on the surface-pressure
fluctuations of a thick airfoil immersed in the wake of an upstream circular rod at a Mach
number of 0.09. On the other hand, it quantifies the relevance of the Reynolds-stresses term
on the surface as a sound-generation mechanism. Results from large-eddy simulations show
that the porous treatment of the wing profile yields an attenuation of the unsteady-pressure
peak, which is localized in the low-frequency range of the spectrum and is induced by the milder
distortion of the incoming vortices. However, porosity is ineffective in breaking the spanwise
coherence or in-phase behavior of the surface-pressure fluctuations at the vortex-shedding
frequency. The Reynolds-stresses term is found to be considerable in the stagnation region of
the airfoil, where the transpiration velocity is larger, and partly correlated with the unsteady
surface pressure. This results in a nonnegligible contribution of this term to the far-field
acoustic pressure emitted by the porous wing profile for observation angles near the stagnation
streamline. The conclusions drawn in the present study eventually provide valuable insight
into the design of innovative and efficient passive strategies to mitigate surface-turbulence
interaction noise in industrial applications.

I. Introduction

The aerodynamic noise generated by the impingement of a turbulent flow on the surface of a wing represents a topicof active research that is related to numerous industrial applications. For instance, the noise due to the periodic
interaction of the fan wakes with the outlet guiding vanes (OGV) in modern turbofan engines [1] is receiving increasing
attention due to the ever-larger bypass ratios adopted in their design, which, in turn, result in a decreased axial distance
between fan and OGV and enhanced noise emissions [2]. Consequently, a significant effort has been put into mitigating
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this source of noise, and one of the promising passive solutions proposed so far is to integrate porous materials into the
structure of the wing or blade profile [3].
From a physical perspective, the turbulent eddies interacting with the leading edge of an airfoil are subjected to a

rapid distortion responsible for scattering part of their kinetic energy into sound [4], which is usually referred to as
turbulence-interaction or leading-edge noise. A popular predictive method for the noise produced by this mechanism is
based on the concept of aeroacoustic analogies. Lighthill [5] first demonstrated that the mechanisms accountable for the
aerodynamic sound emitted by a turbulent flow can be represented, from the listener’s point of view, by equivalent
sources placed in a quiescent uniform medium. Such an approach has proved to be effective especially for low Mach
number applications. Lighthill’s analogy was subsequently extended by Curle [6], who accounted for the presence
of a body immersed in the flow and described the additional equivalent sources that arise due to turbulence-surface
interactions as acoustic dipoles. These are associated with the reaction force that the body exerts on the surrounding
fluid and are typically dominant at low Mach numbers. The topic of the present work is to investigate the influence of
porous materials on the generation and propagation of such dipolar sources.
The idea of applying porosity as a passive noise-attenuation strategy has been considerably explored among the

aeroacoustic community in the last three decades. The beneficial effects of the porous treatment of an airfoil were first
proved by Lee [7], who showed that the integration of a permeable leading-edge insert into a helicopter blade resulted in
a far-field noise reduction of up to 30 % due to the suppression of the unsteady pressure on the blade surface. Geyer et
al. [8, 9] investigated the influence of the porous properties on the turbulence-interaction noise mitigation and concluded
that higher values of static permeability yield more substantial attenuation at low frequencies but also increase at high
frequencies due to the augmented surface roughness. The experimental dataset produced in that study was then exploited
by Sarradj and Geyer [10] using symbolic-regression tools to analyze the sensitivity of the different flow and material
parameters on leading-edge noise. The results highlighted a dependency on the square of the turbulence intensity and
from the fifth to the sixth power of the incoming mean-flow velocity. Furthermore, the ratio of the integral length
scale of turbulence to the characteristic length of the porous structure, which is defined as the square root of the static
permeability of the medium, was found to affect the far-field acoustic spectrum significantly.
When the full chordwise extent of the airfoil is made permeable, a noticeable deterioration of the aerodynamic

performance is expected, resulting in a decrease in the lift force and an increase in the drag force. The former is related
to the pressure communication between the two sides of the airfoil through the pores of the material, whereas the latter is
mainly linked to the higher surface roughness. The penalization is more crucial at higher angles of incidence [8, 11–13].
A possible technological solution for counteracting the above-mentioned effects is to limit the region of the wing
profile where the flow can permeate to the leading edge [13–15] or integrate the porous medium in a rigid permeable
exoskeleton including a solid centerplane to avoid crossflow between the pressure and suction sides [16–18]. These
options allow finding a trade-off among turbulence-interaction noise reduction, aerodynamic-performance conservation,
and structural-integrity preservation.
More recently, novel concepts for designing porous airfoils based on nonuniform distributions of porosity have been

proposed. Paruchuri et al. [19], Palleja-Cabre et al. [20], and Priddin et al. [21] investigated the leading-edge noise
reduction achieved by flat plates with different extents of porous inserts and showed that a single row of holes located
downstream of the stagnation point results in significant mitigation at low frequencies without increasing the noise
emissions at high frequencies. Ayton et al. [22] found that smoothly varying chordwise porosity on a perforated flat
plate can be beneficial for reducing trailing-edge noise thanks to the more significant destructive interference of the
back-scattered field generated by the impermeable leading edge [23, 24]. Moreover, Ayton et al. [25] observed that a
spanwise-varying distribution of perforations on a flat plate could theoretically yield lower noise levels if compared
with uniform porosity with a mechanism similar to that induced by leading-edge serrations. These studies demonstrate
that the research on innovative porous materials is currently active, and there is room for further optimization of the
performance of such a passive noise-reduction strategy.
The present work represents the continuation of some research previously initiated by the authors. Specifically,

Zamponi et al. [26] designed a porous airfoil that integrates melamine foam into a permeable hard-plastic exoskeleton
shaped as a NACA-0024 profile. A centerplane prevents the communication between the two sides of the model, while
the surface is coated with a metallic wire mesh that guarantees a surface roughness with the desired quality. The airfoil
was placed in the wake generated by an upstream circular cylinder and compared with a solid baseline, highlighting
a leading-edge noise decrease of up to 2 dB at low frequencies. In addition, large-eddy simulations (LES) for this
experimental setup were carried out by Satcunanathan et al. [27] to shed additional light upon the flow-field alterations
caused by porosity. Both measurements and numerical computations were further analyzed by Zamponi et al. [28, 29],
who identified the milder distortion experienced by the largest turbulent eddies as one of the prevalent noise-mitigation
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mechanisms related to the porous treatment of the wing profile. This link was subsequently confirmed by Tamaro
et al. [30] with particle image velocimetry and acoustic far-field measurements. Furthermore, a model based on the
rapid distortion theory (RDT) [31] was proposed by Zamponi et al. [32] to predict the changes in the turbulent velocity
experienced by a porous body that interacts with prescribed incoming turbulence. Such a semi-analytic method could
lay the foundation for developing novel noise-prediction tools for porous airfoils.
While the studies outlined above provide some insight on the attenuation of the distortion of incoming turbulence, the

impact of porosity on Curle’s dipolar sources has not been addressed. Moreover, the integral solution of Lighthill/Curle’s
analogy assumes no-slip and nonpenetration boundary conditions at the surface of the body surrounded by turbulence.
This assumption is no longer valid when the surface is permeable, so additional equivalent-source terms appear in
the derivation. A better understanding of how these are affected would be instrumental in designing more effective
noise-reduction techniques and constitutes the objective pursued in the present research. The information on the flow
field extracted from the LES data produced and validated in the previous works is considered here. The results of this
investigation will eventually provide useful insight into the design of innovative and more effective porous treatments.
The paper is structured as follows. A recap of the derivations of Curle’s analogy is reported in Section II. Section III

discusses the computational methodology and gives a brief description of the model equations for the porous media and
the turbulent-flow prediction. In Section IV, the numerical setup, flow conditions, and data processing settings are
described. Section V presents the achieved results, addressing the role of porosity on Curle’s dipolar sources on the
airfoil surface. Finally, conclusions are drawn in Section VI.

II. Theory: Curle’s analogy for a porous body
Upon definition of a thermodynamic reference state indicated by the density 𝜌0 and pressure 𝑝0 that refer to a

uniform medium at rest, the propagation of density perturbations 𝜌′ = 𝜌 − 𝜌0 at the speed of sound 𝑐0 =
√︁
(𝜕𝑝/𝜕𝜌)𝑠 , 𝑠

being the entropy, in a homogeneous acoustic medium is described by Lighthill’s analogy [5] as

𝜕2𝜌′

𝜕𝑡2
− 𝑐2

0
𝜕2𝜌′

𝜕𝑥i2
=

𝜕2𝑇ij

𝜕𝑥i𝜕𝑥j
, (1)

where 𝑇ij = 𝜌𝑢i𝑢j − 𝜏ij + (𝑝′ − 𝑐2
0𝜌

′) δij is denoted as Lighthill’s stress tensor [5], which accounts for the sound produced
by Reynolds stresses 𝜌𝑢i𝑢j, 𝒖 being the flow velocity, viscous stresses 𝜏ij, and nonisentropic processes. Here, δ is the
Dirac delta function. For high Reynolds numbers, the contribution of the viscous forces can be neglected and with the
assumption of incompressible and isentropic flow, Lighthill’s stress tensor can be approximated as 𝑇ij ≈ 𝜌0𝑢i𝑢j.
In the presence of a stationary surface 𝑆 in the control domain 𝑉 , the solution of Eq. (1) using the Green’s function

approach [33] can be expressed for a listener located at position 𝒙 in space at time 𝑡 and a source placed at position 𝒚 in
space at emission time 𝜏 by

𝑐2
0 𝜌

′(𝒙, 𝑡) =
∫ 𝑡

−∞

∭
𝑉

𝜕2𝑇ij

𝜕𝑦i𝜕𝑦j
𝐺 d𝑉 d𝜏 + 𝑐2

0

∫ 𝑡

−∞

∬
𝑆

(
𝜌′

𝜕𝐺

𝜕𝑦i
− 𝐺

𝜕𝜌′

𝜕𝑦i

)
𝑛i d𝑆 d𝜏, (2)

where 𝒏 is the outward-pointing normal on 𝑆 and 𝐺 is the Green’s function [34]. The first term in the right-hand side of
the equation indicates the incident acoustic field, whereas the second one represents the sound radiated by the vibration
of the surface. The incident-field integral can be reformulated by performing an integration by parts, and the partial
derivatives can be moved from the source to the Green’s function. Using the divergence theorem and imposing the
momentum conservation law [33], Eq. (2) becomes

𝑝∗ (𝒙, 𝑡) =
∫ 𝑡

−∞

∭
𝑉

𝜕2𝐺

𝜕𝑦i𝜕𝑦j
𝑇ij d𝑉 d𝜏 + 𝑐2

0

∫ 𝑡

−∞

∬
𝑆

[
𝐺
𝜕𝜌𝑢i

𝜕𝜏
+
(
𝑝′𝛿ij + 𝜌𝑢i𝑢j

) 𝜕𝐺
𝜕𝑦i

]
𝑛i d𝑆 d𝜏 (3)

where 𝑝∗ ≡ 𝑐2
0 𝜌

′ denotes the acoustic pressure at the listener position. The viscous stresses have been neglected with
regard to the pressure fluctuations and Reynolds stresses in the last integral, owing to the assumed large Reynolds
number. If the body is impermeable, the velocity 𝑢𝑖 on the surface is zero and the terms 𝜕𝜌𝑢i/𝜕𝜏 and 𝜌𝑢i𝑢j in the
surface integral vanish. Conversely, for a porous surface, the flow penetration within the inner volume of the body is
permitted, and these two terms have to be retained.
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Subsequently, the application of the free-field Green’s function

𝐺0 (𝒙, 𝑡 |𝒚, 𝜏) =
𝛿(𝑡 − 𝜏 − ||𝒙 − 𝒚 | |/𝑐0)

4𝜋 | |𝒙 − 𝒚 | | (4)

makes it possible to carry out the time integrals in Eq. (3) [6], yielding

𝑝∗ (𝒙, 𝑡) = 𝜕2

𝜕𝑥i𝜕𝑥j

∭
𝑉

[
𝑇ij

4𝜋 | |𝒙 − 𝒚 | |

]
𝑡=𝜏̂

d𝑉

− 𝜕

𝜕𝑥i

∬
𝑆

[
𝑝′𝛿ij + 𝜌𝑢i𝑢j

4𝜋 | |𝒙 − 𝒚 | |

]
𝑡=𝜏̂

𝑛j d𝑆 +
∬
𝑆

[
𝜕𝜌𝑢j

𝜕𝜏

1
4𝜋 | |𝒙 − 𝒚 | |

]
𝑡=𝜏̂

𝑛j d𝑆, (5)

where 𝜏 = 𝑡 − ||𝒙 − 𝒚 | |/𝑐0 is the retarded time at which the source terms are evaluated. Furthermore, if the body is
assumed to be acoustically compact, i.e., the size of the source region is small compared with the acoustic wavelength,
the variation of 𝜏 over the surface can be neglected and the square brackets can be moved out of the integral. Additionally,
in the geometric far-field, namely at a distance much greater than the characteristic dimension of the body, the term
4𝜋 | |𝒙 − 𝒚 | | can be approximated to 4𝜋 𝑟, 𝑟 being the averaged distance between the source region and listener.
The outcome of the analysis is that multiple terms contribute to the radiated sound when a permeable or a

rigid-permeable surface is immersed in a turbulent flow. The first volume integral in the right-hand side of Eq. (5) is the
usual quadrupolar term of Curle’s integral solution. By using the relation [33]

𝜕 𝑓 (𝜏)
𝜕𝑥i

=

[
𝜕 𝑓 (𝜏)
𝜕𝜏

]
𝜏=𝜏̂

𝜕𝜏

𝜕𝑥i
=

−(𝑥i − 𝑦i)
| |𝒙 − 𝒚 | |𝑐0

[
𝜕 𝑓 (𝜏)
𝜕𝜏

]
𝜏=𝜏̂

(6)

and dropping the terms of order 1/𝑟2 and 1/𝑟3 that can be considered negligible in the geometric far-field, the quadrupolar
term becomes

𝑝∗quadrupole (𝒙, 𝑡) ≈
𝑥i𝑥j

4𝜋 𝑐2
0𝑟

3


∭
𝑉

𝜕2𝑇ij

𝜕𝜏2 d𝑉
 𝜏=𝜏̂ . (7)

The first surface integral in the right-hand side of Eq. (5) is the dipolar term, which accounts for the surface loading
and typically dominates over the quadrupolar one for low Mach number applications and acoustically compact source
regions. From Eq. (6) and considering the far-field approximation, it follows that

𝑝∗dipole (𝒙, 𝑡) ≈
𝑥i

4𝜋 𝑐0𝑟2


∬
𝑆

𝜕
(
𝑝′𝛿ij + 𝜌𝑢i𝑢j

)
𝜕𝜏

𝑛j d𝑆
 𝜏=𝜏̂ . (8)

Equation (8) states that the distribution of dipoles representing fluctuating forces acting on the fluid from the porous
body is produced by two components, one linked to the surface-pressure fluctuations, denoted as unsteady-pressure
term, and the other one to the variation of Reynolds stresses on the surface, indicated as Reynolds-stresses term. For an
impermeable body, only the former is nonzero, whereas the latter appears solely when the airflow can penetrate the
inner volume of the body, i.e., with a porous material. In Section V, the contribution to the far-field acoustic pressure
provided by these terms will be evaluated separately.
Finally, the second surface integral in the right-hand side of Eq. (5) is the monopolar term, which is related to the

rate of mass flux across the body surface and can be expressed as

𝑝∗monopole (𝒙, 𝑡) ≈
1

4𝜋 𝑟


∬
𝑆

𝜕𝜌𝑢j

𝜕𝜏
𝑛j d𝑆

 𝜏=𝜏̂ . (9)

By exploiting the reciprocity principle according to which 𝜕/𝜕𝜏 = −𝜕/𝜕𝑡, the time derivative can be moved out of the
surface integral, and this term is null by the conservation of mass. However, it is worth pointing out that when the
assumption of acoustic compactness is not verified, i.e., the variation of retarded time over the surface is not negligible
anymore, the monopolar term may contribute to the overall sound produced by a porous body immersed in a turbulent
flow. This equivalent source would have a dipolar efficiency at leading order due to the destructive interference between
the surface patches where the flow is entering and leaving the body. Studying this noise source will undoubtedly be a
topic for future work.
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III. Computational methodology
As introduced in Section I, the turbulent-flow field is predicted using an LES based on the compressible Navier-Stokes

equations. These equations are equally valid inside the porous material and can be employed to fully resolve the flow
through the porous microstructures, though being computationally challenging for various reasons. On the one hand,
this requires the complex pore morphology to be available, e.g., with a computerized tomography scan, which is often
not the case. On the other hand, the requirement on the grid resolution would be severe due to the tiny pore structures
being typically smaller than the smallest length scale of the turbulence.
Often, only the integral effects or the flow alterations in the outer region by a porous treatment are of interest. A

well-established approach is to neglect the microscale introduced by the pores of the material by the method of volume
averaging [35, 36]. This procedure replaces the distinct fluid and solid regions in the porous material by a locally
homogeneous medium with continuously varying field variables. These are then governed by the volume-averaged
Navier-Stokes equations (VANS) augmented by closure terms, which emerge from the spatial filtering process and
account for subgrid effects. For more details, the reader is referred to Satcunanathan et al. [27].
In the subsequent brief consideration, let Ω be the total simulation domain, Ω 𝑓 = {𝒙 ∈ Ω | 𝜑(𝒙) = 1} the fluid

region, Ω𝑝 = {𝒙 ∈ Ω | 𝜑(𝒙) < 1} the porous region with Ω𝑔 ∩Ω𝑝 = ∅, and Γ = 𝜕Ω 𝑓 ∩Ω𝑝 the fluid-porous interface.
The porosity 𝜑 is the volume ratio of the open pores to the total volume of the porous material, and is equal to 1 in the
free fluid. Using the symbol ⟨ ⟩ to denote the intrinsic average and ⟨ ⟩𝐹 the Favre average, the conservation of mass,
momentum, and energy in nondimensional integral form formulated for an arbitrary control volume 𝑉 reads

d
d𝑡

∫
𝑉 ∈Ω

𝑸 d𝑉 +
∮

𝜕𝑉 ∈Ω

(
𝑯inv − 𝑯vis

)
· 𝒏 d𝑆 +

∫
𝑉 ∈Ω

(
1
𝜑
𝑯inv · ∇𝜑 + 𝑺

)
d𝑉 = 0, (10)

where 𝑸 = [⟨𝜌⟩, ⟨𝜌⟩⟨𝒖⟩𝐹 , ⟨𝜌⟩⟨𝐸⟩𝐹]𝑇 is the vector of spatially-averaged conservative variables. The inviscid and
viscous flux tensors are given by

𝑯inv − 𝑯vis =


⟨𝜌⟩⟨𝒖⟩𝐹

⟨𝜌⟩⟨𝒖⟩𝐹 ⊗ ⟨𝒖⟩𝐹 + ⟨𝑝⟩𝑰
⟨𝜌⟩⟨𝐸⟩𝐹 ⟨𝒖⟩𝐹 + ⟨𝑝⟩⟨𝒖⟩𝐹

 −
1
𝑅𝑒


0

⟨𝝉⟩𝐹
⟨𝝉⟩𝐹 · ⟨𝒖⟩𝐹 + 1

𝑃𝑟
⟨𝒒⟩

 . (11)

The quantities 𝐸 , 𝒒, 𝑰, Re, and Pr denote the total energy, heat-flux vector, unit tensor, Reynolds number, and Prandtl
number, respectively. The first two integrals in Eq. (10) are formally identical to the equations solved in a monotone
integrated LES (MILES) context for 𝜑 = 1, where no explicit modeling of the subgrid scale is used. The first term in
the last integral is the contribution of the inviscid flux vector at the fluid-porous interface 𝑯𝑖𝑛𝑡 = 𝑯inv − ⟨𝑝⟩𝑰. The
surface-filter term

𝑺 =

{
[0, 𝑭/𝜑, 0]𝑇 , 𝒙 ∈ Ω𝑝

0𝑇 , 𝒙 ∈ Ω 𝑓

(12)

contains the porous-drag vector 𝑭 that is closed through the Darcy-Forchheimer model [37, 38], expressed for a
homogeneous and isotropic porous medium as

𝑭 =
1

𝑅𝑒𝑘
√
𝐷𝑎

𝜑𝜇⟨𝒖⟩𝐹︸                 ︷︷                 ︸
Darcy

+ 1
√
𝐷𝑎

𝜑2𝑐𝐹 ⟨𝜌⟩|⟨𝒖⟩𝐹 |⟨𝒖⟩𝐹︸                            ︷︷                            ︸
Forchheimer

. (13)

The permeability Reynolds number, Rek = Re
√

Da, is computed with 𝑑𝑝 ∼
√
𝑘 as the length scale, which is a measure

for the effective pore diameter, while the Darcy number, Da, is defined as Da = 𝑘/𝐿2, 𝐿 being a reference length.
The Darcy-Forchheimer model in Eq. (13), together with Eq. (10), characterizes the porous medium in terms of the
porosity, 𝜑, static permeability, 𝑘 , and Forchheimer coefficient, 𝑐𝐹 , and assumes the porous frame to be rigid, neglecting
coupling effects due to elasticity as well as thermal effects. The equations are solved by a finite-volume method,
which has been discretised in space by an advective upstream splitting method (AUSM) for the inviscid fluxes and a
centered discretisation of the viscous fluxes. The semi-discretised equations are advanced in time by a five-stage explicit
Runge-Kutta scheme. The overall scheme is second-order accurate in space and time, while the LES is based on the
MILES ansatz. The equations are discretised on a locally refined, unstructured, Cartesian mesh with a fully conservative
cut-cell approach for the wall boundaries [39].
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Equation (10) is valid in the pure fluid and pure porous regions, but assumptions made during the derivation are
violated across the fluid-porous interface Γ. Additionally, the sudden change of 𝜑 across Γ makes the equations stiff. It
can be shown that the arising Dirac-shaped source terms can be equally replaced by jumps of the flow variables across
an idealized sharp immersed fluid-porous interface on a noninterface fitted Cartesian mesh. In such a fluid-porous
cut cell, the volume-weighted average of the state vector 𝑸 = 𝜑 𝑸 𝑓 + (1 − 𝜑) 𝑸𝑝 is integrated in time, preventing the
emergence of small cells, which may pose stringent timestep constraints for hyperbolic solvers. In this case, the flow
variables on the porous surface correspond to 𝑸 𝑓 of the respective cut cell. For a more detailed description of the
method, the reader is referred to [27].

IV. Computational setup

(a)

(b)

Fig. 1 (a) 2D sketch of the rod-airfoil configuration. (b) Close-up view of a locally refined Cartesian grid of the
porous airfoil. The part of the wing profile made of melamine foam is indicated in red.

The observations and outcome of the theoretical analysis in Section II will be applied to the existing numerical
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simulation data of a rod-airfoil configuration being already the subject of previous leading-edge noise investigations
[27, 28].

A. Rod-airfoil configuration
In the rod-airfoil arrangement, first conceived by Jacob et al. [40] as an aeroacoustic benchmark problem, the

wing profile undergoes a broadband perturbation dominated by a specific shedding frequency, similar to several
aeronautical applications [41]. In the discussion below, all lengths are given as multiple of the cylindrical rod diameter
𝑑 = 0.02 m, which is located 8.2 𝑑 upstream of a two-dimensional NACA-0024 profile with 𝑐 = 7.85 𝑑 chord length and
a leading-edge radius of 𝑟𝐿𝐸 = 0.5 𝑑 at 0° angle of attack. The rather thick airfoil will cause a considerable displacement
and distortion of the mean flow, the implications of which have been formerly analyzed in [28].
In Fig. 1a, the overall arrangement is symmetrical with respect to the streamwise direction, and the coordinate system

used in the present study is defined as follows: the 𝑥-axis is aligned with the streamwise direction, the 𝑦-axis is aligned
with the upwash direction, and the 𝑧-axis is aligned in the spanwise direction to form a right-handed coordinate system
with the origin at the leading edge of the wing profile. The rod and airfoil are placed in the potential core of a plane
jet of Mach number 𝑀 = 0.09 and width 7.5 𝑑. At the inlet, a tangent hyperbolic velocity profile with super-imposed
synthetic eddies [42] generating a 1 % turbulence intensity is prescribed to simulate realistic atmospheric or wind tunnel
disturbances of the incident flow. The jet shear-layer thickness is initialized to 𝛿Θ/𝑑 = 0.04. To avoid the emergence of
large Kelvin-Helmholtz type roll-ups that might contaminate the flow around the airfoil, a shear layer break-up was
induced using the jet shear-layer forcing proposed by Bogey and Bailly [43].
The Reynolds number based on the rod diameter and on the wing-profile chord are Red = 4.0 × 104 and

Rec = 3.14 × 105, which corresponds to a free-stream flow velocity of 30 m s−1. Under these conditions, a turbulent
wake with embedded shed vortices will impinge on the airfoil leading edge.

B. Solid and porous-airfoil models
Simulations of two configurations, differing in the material of the NACA-0024 profile, have been conducted. The

first is a classical solid airfoil where the no-slip boundary condition is satisfied on the surface. The second is a wing
profile whose bulk volume is assumed to be porous, as indicated in Fig. 1b. An impermeable centerplane preventing
the crossflow between the upper and lower sides of the airfoil (see Section I) extends from one leading-edge radius
downstream of the stagnation point to the trailing edge, allowing for the flow penetration into the inner volume in the
stagnation region.
In the present study, the porous medium is assumed to be melamine foam with homogeneous and isotropic

material properties as proposed in [26]. The characterization required to set up the model in Eq. (13) is described by
Satcunanathan et al. [44], and the corresponding parameters are 𝜑 = 0.986, 𝐷𝑎 = 5.3 × 10−6, and 𝑐𝐹 = 0. For the
computation of the Darcy number, the rod diameter is considered as the reference length. In the fluid Ω 𝑓 and porous Ω𝑝

regions, Eq. (10) is solved with the surface-filter terms from Eq. (12) and with 𝑯𝑖𝑛𝑡 neglected. Instead, both domains
are matched at the interface in the respective cut-cells by means of the jump conditions.

C. Computational domain
The computational domain extends 90 𝑑×64 𝑑×𝜋 𝑑 in the streamwise, upwash, and spanwise directions, respectively,

resulting in 186 million mesh points for the solid configuration and 206 million grid points for the porous one. As
depicted in Fig. 1b, the grid is locally refined around solid boundaries and in the fluid-porous interface Γ around
the airfoil and gradually coarsened in the outer field. The local grid spacing is here given by Δ𝑟 = 144/2𝑅𝐿 , where
𝑅𝐿 is the refinement level that ranges from 11 to 15, i.e., the smallest cell size is 4.39 × 10−3 𝑑. Finally, periodic
boundary conditions are imposed in the spanwise direction, and constant atmospheric pressure is enforced on the
far-field boundaries with a sponge treatment at the outflow boundary to damp spurious waves.

D. LES data processing
The current investigation features processing the time signals of pressure, velocity, and density fluctuations over the

airfoil surface and in the upstream flow. Basic expressions that will be applied to the simulated data are briefly defined
in this section.
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1. Flow-field and surface quantities
After the transient, the turbulent-flow field is time-averaged to calculate the related statistics at each location of

the domain. These values are processed at a sampling frequency of 𝑓𝑠 = 25.6 kHz for a total of 𝑇𝑠𝑈∞/𝑑 = 78 time
units, which corresponds to approximately 15.6 shedding cycles at a Strouhal number of St = 0.2 based on the rod
diameter and free-stream velocity, to reach statistical convergence. The averaged and root-mean-square (r.m.s) velocities
extracted along the stagnation streamline of the wing profile have been compared with hot-wire measurements in [28] to
validate the numerical data.
The frequency-domain quantities employed in the subsequent sections are computed by the Welch periodogram

method [45], using Hanning windows of blocks of 1 × 29 samples with 75 % overlap, thus providing a frequency
resolution of approximately 48 Hz. Among these, the normalized spatial coherence between the reference time signal 𝑞0
and generic time signal 𝑞 is defined as

𝛾2
𝑞0𝑞

( 𝑓 ) =
|Φ𝑞0𝑞 ( 𝑓 ) |2

Φ𝑞0𝑞0 ( 𝑓 ) Φ𝑞𝑞 ( 𝑓 )
, (14)

where Φ𝑞0𝑞0 denotes the power spectral density of 𝑞0, while Φ𝑞0𝑞 indicates the cross spectral density between 𝑞0 and 𝑞.
From the latter, the phase difference between the two signals can be computed as

𝜙𝑞0𝑞 ( 𝑓 ) = Im
[
Φ𝑞0𝑞 ( 𝑓 )

]
. (15)

2. Identification of vortical structures
An effective method to identify a large-scale vortical structure immersed in the turbulent flow and interacting with

the wing-profile surface is through the Γ1 and Γ2 scalar functions, which are based on the normal angular momentum of
the instantaneous velocity field. The former is equivalent to a spatial pulse whose peak value represents the sign ±1 of
vorticity at the cores of the turbulent eddies and decays fast when moving away from them. The latter makes it possible
to separate the regions dominated by the rotation rate from those dominated by the strain rate and, by doing so, provide
the shape of the large vortical structures, independently of their strength. Following Graftieaux et al. [46], they are
defined as

Γ1 (𝒙𝑃) =
1
𝑁

∑︁
𝑆𝑃

[(𝒙𝑃 − 𝒙𝑀 ) × 𝒖𝑀 ] · 𝒏𝑃

(𝒙𝑃 − 𝒙𝑀 ) · 𝒖𝑀

; (16)

Γ2 (𝒙𝑃) =
1
𝑁

∑︁
𝑆𝑃

[(𝒙𝑃 − 𝒙𝑀 ) × (𝒖𝑀 − 𝒖̄𝑃)] · 𝒏𝑃

(𝒙𝑃 − 𝒙𝑀 ) · (𝒖𝑀 − 𝒖̄𝑃)
, (17)

where 𝑃 is a fixed point at the position 𝒙𝑃 , 𝑆𝑃 is a discretised two-dimensional area surrounding 𝑃 and containing 𝑁
points, 𝒏𝑃 is the unit vector normal to 𝑆𝑃 , and 𝒖𝑀 and 𝒖̄𝑃 are the instantaneous velocity at the generic point 𝑀 and
local convection velocity at the point 𝑃, respectively. The separation between the regions of dominant rotation rate and
strain rate occurs for |Γ2 | = 2/𝜋. The size of the area, i.e., the parameter 𝑁 , plays here the role of a spatial filter, and is
set to be 𝑟𝐿𝐸 × 𝑟𝐿𝐸 wide in the present study.

V. Results and discussion
In this section, the results of the analysis of Curle’s dipolar sources are presented. First, the effect of porosity on the

pressure fluctuations on the surface of the airfoil is evaluated. Second, the impact of the noise sources produced by the
nonzero Reynolds stresses on the porous surface and their correlation with the unsteady-pressure term are discussed.

A. Unsteady-pressure term
As shown in Section II, the interaction of the upstream turbulent flow shed by the circular rod with the airfoil induces

unsteady pressures on its surface. Figure 2 depicts the contours of the r.m.s. surface-pressure fluctuations for the solid
and porous cases. The values are normalized by the free-stream dynamic pressure. Interestingly, the region with the
highest pressure amplitudes is not located at the leading edge but slightly downstream of it. For the impermeable airfoil
(Fig. 2a), the largest r.m.s. pressure fluctuations appear to be at a chordwise location of 𝑥/𝑟𝐿𝐸 ≈ 0.47. The possibility
for the flow to permeate the body surface results in an attenuation of the peak amplitude (Fig. 2b), which is spread over
a larger region. The mitigation effect of porosity on the unsteady pressure is likely responsible for the far-field noise
reduction previously observed in [26–28, 30].
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(a) (b)

Fig. 2 R.m.s. pressure-fluctuations contours on the surface of the (a) solid and (b) porous airfoils made
dimensionless by the free-stream dynamic pressure.

(a) (b) (c)

Fig. 3 Γ2 function fields for the solid airfoil at (a) a reference time 𝑡1, (b) a time 𝑡2 ≈ 𝑡1 + 𝑑/𝑈∞, and (c) a time
𝑡3 ≈ 𝑡1 + 2 𝑑/𝑈∞. The 𝑥 symbol denotes the center of the highlighted turbulent structure that approaches the
leading edge, which is extracted from the Γ1 function, while the arrows indicate the vectors of the instantaneous
velocity field.

A possible explanation for the downstream displacement of the peak of the r.m.s. pressure fluctuations could be
attributed to the significant thickness of the NACA-0024 profile. Indeed, the leading edge of such an airfoil does not
constitute a sharp geometric singularity. The turbulent structures that are advected towards the stagnation region by the
mean-flow field are subjected to a strong acceleration in the area of the largest streamline curvature and impinge on
the surface at higher velocities and more downstream locations. The vortex dynamics outlined here is more clearly
illustrated in Fig. 3 that shows instantaneous fields of the Γ2 function evaluated at three different time instants differing
by 𝑑/𝑈∞. The selected time steps enable following the evolution of a vortex approaching the solid airfoil, which is
initially undistorted and located upstream of the stagnation point (Fig. 3a) and subsequently interacts with the wing
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profile (Fig. 3b), getting distorted and advected along its surface as a consequence of the airfoil blockage effect (Fig. 3c).

(a)

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

(b)

Fig. 4 (a) Contours of r.m.s. pressure fluctuations on the centerplane of the porous airfoil. The opaque surface
denotes the NACA-0024 profile. (b) R.m.s. pressure fluctuations on the surface of the solid and porous airfoils and
the centerplane averaged over the span. All values are made dimensionless by the free-stream dynamic pressure.

Furthermore, the presence of the impermeable centerplane potentially affects the acoustic field due to scattering of
the pressure fluctuations generated on its surface and propagating within the porous medium [28]. The contours of the
r.m.s. pressure fluctuations are presented in Fig. 4a to show the amplitude of the noise sources associated with this
component. The peak in the unsteady-pressure term appears to be concentrated at the plate leading edge and decreases
with increasing chordwise positions up to approximately the region of maximum thickness of the airfoil, after which it
remains constant. It is important to point out that the volume-averaged continuum approach discards motions at the
subfilter scale inside the porous medium. However, their contribution to the overall r.m.s. surface-pressure fluctuations
can be considered negligible, as demonstrated by Breugem [47] by comparing the results of a volume-averaged direct
numerical simulation with a resolved one.
The trends discussed so far are better visualized in Fig. 4b, which depicts the r.m.s. surface-pressure fluctuation

profiles of the airfoils and centerplane averaged over the span. The attenuation in the unsteady-pressure peak at
𝑥/𝑐 ≈ 0.03, corresponding to 𝑥/𝑟𝐿𝐸 ≈ 0.47, amounts to about 20 %. Downstream of the peak region, the surface-
pressure fluctuations decay faster for the solid configuration than for the porous one up to 𝑥/𝑐 ≈ 0.4, possibly due to the
influence of the centerplane, which is found to be significant. Indeed, the chordwise position where the unsteady pressure
is maximum for the porous NACA-0024 profile corresponds to the leading edge of this component. Additionally, the
trend in surface-pressure fluctuations on the centerplane closely follows that of the porous airfoil, yet with a lower
amplitude, up to 𝑥/𝑐 ≈ 0.6. Downstream of this location, the two trends are comparable.
The effect of porosity on the spanwise spatial coherence 𝛾2

𝑝′0 𝑝
′ of the unsteady-pressure term between the midspan

of the airfoil (𝑧/𝑟𝐿𝐸 = 0) and spanwise-varying locations is shown in Fig. 5. This quantity is a measure of the acoustic
efficiency of a noise source [48]. Two streamwise locations are considered for the computation of 𝛾2, namely 𝑥/𝑟𝐿𝐸 = 0,
i.e., the leading edge, and 𝑥/𝑟𝐿𝐸 = 0.47, i.e., the position where the largest pressure fluctuations occur. Since periodic
boundary conditions have been used in the prediction of the turbulent field (see Section III), the spatial-coherence values
are meaningful only for separation distances less than half the simulated span, which corresponds to approximately
3.2 𝑟𝐿𝐸 [27]. Results are presented as a function of the Strouhal number St based on the cylindrical rod diameter and
the free-stream velocity.
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(a)

(b)

Fig. 5 Spanwise spatial-coherence contours of the pressure fluctuations on the surface of the solid (on the
left) and porous (on the right) airfoils computed at (a) 𝑥/𝑟𝐿𝐸 = 0 and (b) 𝑥/𝑟𝐿𝐸 = 0.47. The reference is set at
the midspan location (𝑧/𝑟𝐿𝐸 = 0). The dashed line indicates the Strouhal number corresponding to the vortex
shedding peak.

At the airfoil leading edge (Fig. 5a), porosity appears to have an overall minor impact on the spanwise coherence.
For both solid and porous configurations, 𝛾2 is maximum for lower St (due to the effect of the mean flow) and 𝑧 and
rapidly decreases with increasing frequency. The only exception occurs at the Strouhal number linked to the fluctuating
drag, i.e., St ≈ 0.4, where unsteady pressures on the impermeable wing-profile surface remain partly coherent over a
distance of two leading-edge radii from midspan. The same trend is not observed for the porous case. Moreover, the
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Fig. 6 Spanwise spatial-coherence profiles of the pressure fluctuations on the surface of the solid and porous
airfoils computed at (a) 𝑥/𝑟𝐿𝐸 = 0 and (b) 𝑥/𝑟𝐿𝐸 = 0.47 for different interpolated Strouhal numbers in the
vicinity of the vortex-shedding frequency peak. The reference is set at the midspan location (𝑧/𝑟𝐿𝐸 = 0).

contours exhibit no evident peak associated with the vortex shedding, which is instead clearly visible at the location of
largest r.m.s. pressure fluctuations (Fig. 5b). Indeed, the spanwise spatial coherence of the unsteady pressure at St = 0.2
remains close to 1 over the whole span for both airfoils at this position. The integration of porosity only results in a
marginal attenuation of this quantity but decreases the amplitude of the 𝛾2 peaks present in the range 0.4 < St < 0.8 for
𝑧/𝑟𝐿𝐸 < 2.
Interestingly, a slight shift of the shedding frequency towards lower Strouhal numbers occurs for the porous wing

profile. This trend agrees with previous experimental observations conducted on equivalent NACA-0024 profiles [3, 30]
and may be related to a different blockage exerted by the airfoil. The extraction of the spanwise spatial-coherence
contours in Figs. 5a and 5b interpolated for 0.195 < St < 0.205 allows clarifying this tendency and is illustrated in
Fig. 6. While 𝛾2 decays over a relatively short distance for the three St under consideration at the leading edge (Fig. 6a)
reaching values below 0.5 within 1 𝑟𝐿𝐸 from midspan, it remains above 0.9 for the entire span at 𝑥/𝑟𝐿𝐸 = 0.47 for both
airfoils (Fig. 6b). At the latter position, the possibility of the flow permeating the wing profile results in a reduction of
up to 10 % in the spatial coherence. In this case, the mitigation becomes more significant for the higher Strouhal number,
hinting at the aforementioned shift of the vortex-shedding peak, whereas 𝛾2 is the same for St = 0.195 and St = 0.2.
Additionally, the unsteady pressures on the surface of the airfoils maintain a high degree of correlation with those at

the location where the largest fluctuations occur also along the chord. Figure 7 compares the spatial coherence between
the solid and porous configurations at the vortex-shedding frequency peak. The reference position is the same as that in
Fig. 5b. Besides the strong spanwise correlation already described above, the results for the solid configuration show
that 𝛾2 is close to 1 over a distance of about 3 𝑟𝐿𝐸 , or 0.2 𝑐, from the leading edge. The present trend suggests that the
region of the greatest curvature of the wing profile radiates in unison. Downstream of this location, the spatial coherence
rapidly decreases, reaching approximately 0 around the position of maximum airfoil thickness, and increases again at
0.4 < 𝑥/𝑐 < 0.6. Porosity affects 𝛾2 by slightly mitigating the initial high-coherence area. Furthermore, both decay at
𝑥/𝑐 = 0.3 and increase at 0.4 < 𝑥/𝑐 < 0.6 are milder in this case.
In the regions where the spatial coherence of the surface-pressure fluctuations is high, the phase information of the

cross-spectral densities can be evaluated to investigate potential interference effects. Figure 8 depicts the phase-difference
𝜙𝑝′0 𝑝

′ contours of the unsteady pressures on the solid and porous airfoil surfaces computed at the vortex-shedding
frequency peak. Once again, the reference point is set at midspan of 𝑥/𝑟𝐿𝐸 = 0.47. Following Kim et al. [49], data are
plotted as cos 𝜙𝑝′0 𝑝

′ so that the resulting values vary between 1 and −1 when the phase difference is 2𝑚𝜋 (in phase) and
(2𝑚 + 1)𝜋 (out of phase), respectively, 𝑚 being an integer number. For both wing profiles, surface-pressure fluctuations
are perfectly in phase in the region of greatest curvature of the NACA-0024 models, i.e., where 𝛾2 is maximum. These
conditions constitute the base for efficient sound production. At the location of maximum thickness of the airfoil, the
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Fig. 7 Spatial-coherence contours of the pressure fluctuations on the surface of the solid (on the left) and porous
(on the right) airfoils at St = 0.2. The reference is set at the location (𝑥/𝑟𝐿𝐸 ; 𝑧/𝑟𝐿𝐸) = (0.47; 0), marked by the
symbol 𝑥.

Fig. 8 Phase-difference contours of the pressure fluctuations (expressed using the cosine function) on the airfoil
surface at St = 0.2 for the solid (on the left) and porous (on the right) configurations. The reference is set at the
location (𝑥/𝑟𝐿𝐸 ; 𝑧/𝑟𝐿𝐸) = (0.47; 0), marked by the symbol 𝑥.

degree of destructive phase interference increases significantly for the impermeable configuration, in correspondence
with the low-coherence area visible in Fig. 7. The same correlation between cos 𝜙𝑝′0 𝑝

′ ≈ −1 and 𝛾2 ≈ 0 is also found for
the porous wing profile, for which the level of constructive phase interference is high throughout the entire surface.
A better insight into the physical mechanisms that induce the unsteady-pressure term is provided by evaluating the

spectral content of the surface-pressure fluctuations and the turbulent velocities in the vicinity of the wing profiles. Such
a comparison is reported in Fig. 9, where the power spectral densities of the aforementioned quantities are plotted for
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Fig. 9 Power spectral densities of the unsteady-pressure fluctuations and the streamwise and upwash velocity
fluctuations for the solid and porous airfoils averaged over the span. The pressures are extracted at (a) 𝑥/𝑟𝐿𝐸 = 0,
(b) 𝑥/𝑟𝐿𝐸 = 0.24, and (c) 𝑥/𝑟𝐿𝐸 = 0.47, whereas the velocities at a distance of 0.05 𝑟𝐿𝐸 from these locations
considering the normal to the surface. The initial data are normalized by the corresponding free-stream values.

the solid and porous airfoils. Three chordwise positions ranging from the leading edge to the source peak are considered
for the extraction of the surface-pressure data, namely 𝑥/𝑟𝐿𝐸 = 0, 𝑥/𝑟𝐿𝐸 = 0.24, and 𝑥/𝑟𝐿𝐸 = 0.47. The corresponding
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locations at which velocity spectra are estimated lie at a distance of 0.05 𝑟𝐿𝐸 from the body considering the normal to
the surface, by analogy with the analysis carried out by Zamponi et al. [28]. The power spectral densities are averaged
over the span and normalized by𝑈2

∞ and 𝑝2
dyn,∞, such that the different quantities can be directly compared.

At the leading edge (Fig. 9a), Φ𝑝′𝑝′ and Φ𝑢′𝑢′ for both airfoils do not exhibit any peak at St = 0.2, in contrast to
Φ𝑣′𝑣′ . The presence of porosity results in a mild attenuation in the pressure spectra at low frequencies and a reduction in
the momentum transfer between the streamwise and upwash velocity fluctuations, which mitigates the decrease in 𝑢′
and increase in 𝑣′ from their upstream, undistorted values [28]. At 𝑥/𝑟𝐿𝐸 = 0.24 (Fig. 9b), the vortex-shedding peak
appears in the Φ𝑝′𝑝′ spectra for both configurations. A low-frequency attenuation is present also in this case due to the
porous treatment of the wing profile. Φ𝑢′𝑢′ still exhibits higher values for the porous airfoil than for the solid one, yet
with a minor discrepancy, and the peak at St = 0.2 is visible only for the latter. Likewise, the reduction in Φ𝑣′𝑣′ induced
by porosity is lower. At 𝑥/𝑟𝐿𝐸 = 0.47 (Fig. 9c), the results follow the trends discussed above. The vortex-shedding peak
in the surface-pressure spectra is more evident, while the deviations between solid and porous configurations in the
velocity spectra are further mitigated, leading to a comparable trend for the two components. Moreover, a slight shift of
the vortex-shedding peak towards lower St occurs for all power spectral densities, in agreement with what has been
observed in Fig. 6b.
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Fig. 10 Difference of the power spectral densities of the unsteady surface pressures and normal velocity
fluctuations averaged over the span between the solid and porous airfoils, where 𝑞 is the generic term. The
pressure is extracted at (a) 𝑥/𝑟𝐿𝐸 = 0.24 and (b) 𝑥/𝑟𝐿𝐸 = 0.47, whereas the velocity at a distance of 0.05 𝑟𝐿𝐸
normal to the surface from these locations.

Interestingly, the frequency range at which porosity has an impact on the spectra is similar for Φ𝑝′𝑝′ , Φ𝑢′𝑢′ , and
Φ𝑣′𝑣′ for the locations downstream of the leading edge. The results presented in Fig. 9 suggest that a potential link exists
between the unsteady pressure on the surface and nearby unsteady velocity 𝑢𝑛 that is perpendicular to it. This scenario
is consistent with the analysis carried out by Panton and Linebarger [50] and would explain why at the stagnation point,
where the normal 𝒏 is parallel to the incoming flow, the vortex-shedding frequency peak in the pressure spectra is not
visible, in accordance with the conclusions drawn on the spatial coherence in Fig. 5a. Figure 10 illustrates the relative
power spectral densities of these two quantities, which are calculated as deviation between the solid and porous cases at
𝑥/𝑟𝐿𝐸 = 0.24 and 𝑥/𝑟𝐿𝐸 = 0.47. Positive values indicate a decrease in the spectra due to porosity, whereas negative
ones denote an increase. For both locations, a notable agreement between ΔΦ𝑝′𝑝′ and ΔΦ𝑢′𝑛𝑢

′
𝑛
can be observed for

most of the spectrum, which shows that the porous treatment reduces the power-spectral-density levels up to St ≈ 0.6,
with the maximum abatement occurring at the vortex-shedding frequency. This correspondence suggests that the
physical mechanisms behind the turbulence-distortion attenuation proposed by Zamponi et al. [32] using the RDT are
also responsible for mitigating the pressure fluctuations on the airfoil surface. In other words, porosity decreases the
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changes in the turbulent-flow field produced by the presence of the body and, in turn, the reaction force exerted by it due
to unsteady incident velocity. This phenomenon constitutes the dominant noise-reduction mechanism of the porous
treatment of the wing profile and confirms the hypotheses formulated in previous works [3, 28, 30, 32].

B. Reynolds-stresses term

(a)
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(b)

Fig. 11 (a) R.m.s. Reynolds-stresses 𝜌𝑢2
𝑛 contours on the porous airfoil surface. (b) R.m.s. Reynolds-stresses

𝜌𝑢2
𝑛 and unsteady-pressure 𝑝′ profiles averaged over the span of the porous airfoil surface. 𝑞 is the generic term.

All terms are made dimensionless by the free-stream dynamic pressure.

The presence of a transpiration velocity at the surface of the porous airfoil implies that nonzero Reynolds stresses
appear on it. According to Eq. (8), the far-field acoustic pressure associated with this source has a dipolar nature, and
its relative contribution to the overall noise emitted by a porous wing profile has not been addressed in the literature.
The investigation of the amplitude and correlation of the Reynolds-stresses term can shed light upon this influence and
constitutes the topic of the present section. In the analyses performed below, the vector 𝜌𝑢𝑛𝒖 from Eq. (8) is projected
along the normal to the body to allow for a direct comparison with the surface-pressure fluctuations.
The rate of airflow penetrating the wing profile affects substantially the magnitude of the Reynolds-stresses term that

is thus expected to be maximum in the stagnation region. This supposition is verified by the normalized r.m.s. contours
of 𝜌𝑢2

𝑛 on the porous airfoil surface depicted in Fig. 11a, which highlights that the source peak is located close to the
leading edge, at 𝑥/𝑟𝐿𝐸 ≈ 0.06, and rapidly decreases with the increasing chordwise position. However, its amplitude
is considerably smaller than that of the unsteady-pressure term. Figure 11b compares r.m.s. profiles for 𝜌𝑢2

𝑛 and
𝑝′ averaged along the airfoil span and provides a visualization of such difference. Results show that the peak in 𝑝′

amounts to approximately three times the peak in 𝜌𝑢2
𝑛. Moreover, the Reynolds-stresses term decays faster than the

unsteady-pressure one, becoming negligible for 𝑥/𝑐 > 0.1.
By analogy with the studies presented in Section V.A, the acoustic efficiency of the noise source associated with 𝜌𝑢2

𝑛

can be investigated by looking at the spanwise spatial coherence in Fig. 12a. In this case, 𝛾2 is evaluated at the location
where the maximum r.m.s. values of the Reynolds stresses occur, i.e., 𝑥/𝑟𝐿𝐸 ≈ 0.06, with a reference set at the airfoil
midspan. Once again, a clear peak at the vortex-shedding frequency appears, yet with a lower intensity and extension
than for the surface-pressure fluctuations, as visible in the corresponding 𝛾2 profiles extracted for 0.195 < St < 0.205 in
Fig. 12b. These trends show that an abrupt loss of spatial coherence is found at a distance of about 2 𝑟𝐿𝐸 from the
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Fig. 12 (a) Spanwise spatial-coherence contours of the Reynolds stresses 𝜌𝑢2
𝑛 on the surface of the porous airfoil

computed at 𝑥/𝑟𝐿𝐸 = 0.06. (b) Spanwise spatial-coherence profiles of 𝜌𝑢2
𝑛 on the surface of the porous airfoil

computed at 𝑥/𝑟𝐿𝐸 = 0.06 for different interpolated Strouhal numbers in the vicinity of the vortex-shedding
frequency peak. The reference is set at the midspan location (𝑧/𝑟𝐿𝐸 = 0).

midspan, independently of the considered Strouhal number.

(a) (b)

Fig. 13 (a) Spatial-coherence and (b) phase-difference (expressed with the cosine function) contours of the
Reynolds stresses 𝜌𝑢2

𝑛 on the surface of the porous airfoil at St = 0.2. The reference is set at the location
(𝑥/𝑟𝐿𝐸 ; 𝑧/𝑟𝐿𝐸) = (0.06; 0), marked by the symbol 𝑥.
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Furthermore, a relatively poor correlation is maintained with the sources downstream of the peak position. Figure 13a
illustrates the spatial coherence of 𝜌𝑢2

𝑛 computed at St = 0.2 along the porous airfoil surface. The reference location is
consistent with that of Fig. 12. Results reveal that the region of high 𝛾2 is concentrated near the leading edge, where
the transpiration velocity is larger. For 𝑥/𝑐 > 0.3, the correlation becomes negligible. Similar conclusions can be
drawn for the corresponding phase difference reported in Fig. 13b, which are calculated considering a reference at
(𝑥/𝑟𝐿𝐸 ; 𝑧/𝑟𝐿𝐸) = (0.06; 0). In this case, the noise sources in the stagnation region are in phase and expected to radiate
in unison, whereas those downstream of the maximum airfoil thickness most likely do not contribute to the overall noise,
also considering the much lower amplitudes reported in Fig. 11.
Despite the minor strength and source correlation of the Reynolds-stresses term with respect to the unsteady-pressure

one, the former can potentially interfere constructively with the latter and increase the overall noise emitted by the
porous airfoil. This scenario is particularly relevant in the stagnation region, where the largest Reynolds stresses occur.
In Fig. 14a, the spatial coherence profile of 𝑝′ and 𝜌𝑢2

𝑛 computed at the leading edge of the porous airfoil is depicted.
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Fig. 14 (a) Spatial-coherence and (b) phase-difference (expressed with the cosine function) profiles of the
unsteady-pressure and Reynolds-stresses terms at the leading edge of the porous airfoil.

For the whole frequency range, 𝛾2 varies between 0.2 and 0.7, hence highlighting a partial correlation between the two
terms at this location. In addition, the phase-difference profiles in Fig. 14b show that 𝑝′ and 𝜌𝑢2

𝑛 are in phase for low
Strouhal numbers and in quadrature, i.e., cos(𝜙𝑝′𝜌𝑢2

𝑛
) ≈ 0 and 𝜙𝑝′𝜌𝑢2

𝑛
≈ 𝜋/2, for St > 0.2.

VI. Concluding remarks
The present research work aims at evaluating the impact of porosity on the noise sources generated on the surface of

a thick airfoil interacting with incoming turbulence. When a porous body is considered in the formulation of Curle’s
analogy for a compact source region, an equivalent dipolar source associated with the unsteady Reynolds stresses
appears in addition to the dipole related to the surface-pressure fluctuations. Both terms have been investigated through
validated LES of solid and porous NACA-0024 profiles immersed in the wake of an upstream circular rod at a Reynolds
number based on the cylinder diameter of 𝑅𝑒𝑑 = 4.1 × 104.
Results show that the maximum r.m.s. pressure fluctuations on the airfoil surface occur in the region of the greatest

curvature due to the accelerating flow that makes the advected turbulent structures interact with the body at higher
velocities. Porosity notably decreases their peak amplitude but spreads them over a larger downstream region. Moreover,
the presence of a solid centerplane that prevents the crossflow between the two sides of the wing profile potentially
contributes to the radiated noise by scattering the unsteady pressures on its surface through the porous medium. The
analysis of the spatial coherence and phase difference reveals that, downstream of the leading edge, the pressure
fluctuations maintain a high degree of correlation and in-phase behavior throughout the span for both airfoils at St = 0.2.
This trend extends up to the 20 % of the chord, suggesting that the region of the greatest curvature of the airfoil radiates
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in unison. Additionally, a slight shift in the vortex-shedding frequency peak is found for the porous configuration,
possibly linked to a change in the blockage exerted by the wing profile. The spectral content of the surface-pressure
fluctuations indicates that the softened distortion experienced by turbulence in the vicinity of the porous surface also
causes attenuation in the unsteady pressures. A remarkable agreement is found between the decrease in the power
spectral densities of the pressure fluctuations on the surface and the normal component of the turbulent velocity close to
it. This important finding further confirms the hypotheses on the role of turbulence distortion in the leading-edge noise
mitigation due to porosity formed in previous works.
The Reynolds-stresses term on the surface is found to be more relevant in the stagnation region of the wing profile,

where the transpiration velocity is larger. Downstream of the 10 % of the chord, they become negligible. Likewise,
they maintain a high degree of correlation and in-phase behavior at the vortex-shedding frequency peak. Despite their
r.m.s. amplitude being considerably smaller than the unsteady-pressure term, mainly due to the low static permeability
of the melamine foam, a partial correlation between the two sources is present in the stagnation region, highlighting
constructive interference. This potentially decreases the effectiveness of the porous treatment by adding an additional
noise source that contributes to the far-field noise.
Finally, it should be reminded that these considerations have been deduced from results obtained for a relatively

thick wing profile. A thinner airfoil may exhibit different contributions of the unsteady-pressure and Reynolds-stresses
terms. Nevertheless, the authors believe that the deeper understanding gained in this study will be instrumental in
assessing and improving the potential of advanced porous materials for noise reduction in industrial applications.
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