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a b s t r a c t

A possible strategy for the reduction of the aeroacoustic noise generated by turbulence inter-

acting with a wing profile, also referred to as leading-edge noise, is represented by the imple-

mentation of a porous medium in the structure of the airfoil. However, the physical mech-

anisms involved in this noise mitigation technique remain unclear. The present work aims

at elucidating these phenomena and particularly how the porosity affects the incoming tur-

bulence characteristics in the immediate vicinity of the surface. A porous NACA-0024 profile

equipped with melamine foam has been compared with a solid baseline, both airfoils being in

turn subjected to the turbulence shed by an upstream circular rod. The mean wall-pressure

distribution along the airfoils shows that the implementation of the porous material mostly

preserves the integrity of the NACA-0024 profile’s shape. Results of hot-wire anemometry

and large-eddy simulations indicate that the porous design proposed in this study allows for

a damping of the velocity fluctuations and it has a limited influence on the upstream mean

flow field. Specifically, the upwash component of the root-mean-square of the velocity fluc-

tuations turns out to be significantly attenuated in the porous case in contrast to the solid

one, leading to a strong decrease of the turbulent kinetic energy in the stagnation region.

Furthermore, the comparison between the power spectral densities of the incident turbulent

velocities demonstrates that the porosity has an effect mainly on the low-frequency range of

the turbulent velocity power spectrum. This evidence is in line with the results of the acous-

tic beamforming measurements, which exhibit a noise abatement in an analogous frequency

range. On the basis of these observations, an interpretation of the phenomena occurring in the

turbulence-interaction noise reduction due to a porous treatment of the airfoil is finally given

with reference to the theoretical inputs of the Rapid Distortion Theory.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The interaction between an airfoil and incident turbulence is an important source of aerodynamic noise in numerous appli-

cations that have a high societal impact, such as turbo engines [1,2], cooling systems for automotive and construction industries
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[3,4] or high-lift devices on aircraft wings [5,6]. In these examples, the turbulence is generally produced by elements that are

installed upstream of the airfoil and generate inflow distortions.

The turbulent eddies interacting with the leading edge are subjected to a rapid deformation that scatters part of their kinetic

energy into sound [7]. A fundamental study on the noise emitted by this mechanism was performed by Amiet [8], who proposed

a theory to predict the far-field acoustic power spectrum generated by an airfoil immersed in a turbulent flow. In this case,

the spanwise correlation length and the integral length scale of the upwash turbulent velocity fluctuations constitute the key

parameters for the prediction of the noise generated by the interaction with the incoming turbulence. Experimentally, the

leading-edge noise generation process has been addressed by several authors. Paterson and Amiet [9] measured the emitted

far-field noise and the unsteady surface pressure field of a NACA-0012 profile that was installed downstream of a turbulence

grid and concluded that the prediction of incident turbulence-interaction noise can be carried out if the inflow properties are

sufficiently documented. Olsen and Wagner [10] analysed the broadband noise generated by the impingement of turbulence

on airfoils characterised by different shapes and observed that an increasing thickness corresponded to a reduced turbulence-

interaction noise. Similar conclusions were drawn by Oerlemans and Migliore [11], who performed wind tunnel tests for six

different airfoils at several angles of attack in a grid-generated turbulent flow. Moreau et al. [12] investigated the effect of the

angle of attack and the airfoil shape by studying the noise emitted by three different mock-ups (a flat plate, a thin Controlled-

Diffusion (CD) airfoil, and a thick NACA-0012 profile) interacting with a turbulent flow in a grid-airfoil configuration. The results

of the experiments confirmed the previously mentioned thickness effect, whereas the impact of the angle of attack and the

camber was found to be limited. Devenport et al. [13] also confirmed the influence of the effects of these parameters by testing

three airfoils in a wind tunnel that was equipped with a turbulence grid. Additional numerical investigations on this influence

were also carried out by Gill et al. [14] and Kim et al. [15].

The effective distortion of the turbulent vortical structures at the leading edge must be taken into account in order to obtain

an accurate prediction of the leading-edge noise when the airfoil exceeds a minimum thickness [12,16,17]. In this regard, a useful

analytical tool that can be considered for estimating the turbulence distortion around an airfoil with a significant thickness is

the Rapid Distortion Theory (RDT), formulated by Hunt [18] and based on the work of Batchelor and Proudman [19]. This theory

assumes a particular distortion to occur rapidly enough to have a negligible contribution from the turbulence to the relative

motion of the fluid particles when these are convected through the non-uniform mean flow region. In addition, the turbulent

velocity fluctuations are supposed to be small compared with the free-stream velocity. Recently, experimental evidence of the

turbulence properties alteration that is predicted by the RDT for the case of a relatively thick airfoil was provided by De Santana

et al. [17].

Since acting on the turbulence intensity of the incident flow is typically unfeasible, one possible leading-edge noise mitiga-

tion strategy is to make the airfoil less affected by local disturbances. The usage of absorbing materials, e.g. porous media, as part

of the airfoil structure has the potential of achieving such a goal, as firstly demonstrated by Lee [20], who numerically inves-

tigated the effect that a porous leading-edge insert of a helicopter blade had on the turbulence-interaction noise. He observed

that a far-field noise reduction of up to 30 % was possible due to the suppression of the pressure fluctuations at the blade surface.

Several researchers have already proposed technological solutions for the implementation of porous materials in the design

of a wing profile in the last two decades. Among them, Roger et al. [7,21] filled a NACA-0012 profile with steel wool to study

the leading-edge noise reduction from a grid-airfoil and rod-airfoil interaction. They found that a reduction ranging from 2.5 dB

to 6 dB was achievable for a part of the spectrum that was related to the characteristic length of the porous medium. Likewise,

Geyer et al. [22,23] manufactured numerous porous airfoils characterised by different materials and tested them with various

grid-generated turbulent flows by means of microphone array techniques. They also focused their attention on the influence

of the parameters characterising the porous media, observing how the noise reduction performance was strongly related to

the material properties. Particularly, they found that lower values of static air flow resistivity could lead to a more significant

noise reduction. Moreover, Sarradj and Geyer [24] investigated the leading-edge noise generation occurring at porous airfoils by

symbolic regression tools and observed a dependency of the noise to the square of the turbulence intensity and from the fifth to

sixth power of the flow velocity. The ratio of the integral length scale of the incoming turbulent flow to the characteristic length

of the porous structure (linked to the static air flow resistivity) was found to have a significant influence on the noise frequency

spectrum. Additional research on the application of a porous treatment of the airfoil was performed by Geyer et al. [25], who

experimentally and numerically tested the effectiveness of perforated leading-edge inserts for the attenuation of grid-generated

turbulence-interaction noise. A noticeable mitigation up to 8 dB was achieved for frequencies ranging from 1 kHz to 4 kHz. A

different design for a flow permeable leading-edge insert has been investigated by Avallone et al. [26] and Sinnige et al. [27] for

the suppression of the noise produced by the interaction of a pylon with a propeller slipstream. In this case, an attenuation of

the tonal components of the emitted far-field noise was measured.

All these studies demonstrated the potential of a porous treatment of the airfoil as a turbulence-interaction noise reduction

technique. However, no definitive explanation about the physical mechanisms involved in the noise mitigation has been found

yet. One possible mechanism is linked to the dissipation of the acoustic energy by the viscous and thermal losses occurring

during the oscillatory fluid motion in the pores of the material [28]. A second one is related to the hydrodynamic absorption of

the turbulent eddies due to the interaction with a penetrable surface. As a consequence of this, the distortion experienced by

the turbulence in the immediate vicinity of the airfoil may be affected by the porous treatment. The present research has the

purpose of exploring the latter mechanism and builds upon the questions that have arisen in a previous piece of work where the

noise mitigation performance of a porous wing profile was assessed by comparing with a solid baseline [29]. An airfoil design

in which melamine foam was implemented as part of the structure of a NACA-0024 profile has been proposed by the authors in
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that instance. The characterisation of the boundary layers around the two airfoil configurations showed the significant influence

of the porosity on the flow field and the acoustic far-field measurements demonstrated the effectiveness of the treatment. In

addition, Large-Eddy Simulations (LES) for the same experimental setup have been performed by Satcunanathan et al. [30]

to predict the noise mitigation. Nonetheless, in both studies no analysis of the turbulence distortion was carried out and no

conclusions could be drawn on the noise reduction mechanisms.

The above-mentioned issues have been addressed in this paper, which expands on the results previously obtained [29,30]

and focuses on the analysis of the porosity effects on the turbulence distortion. Further experiments have been carried out to

better investigate this aspect, whose interpretation constitutes the true added value of the present research. This measurement

campaign has been conducted in the JAFAR facility of the von Karman Institute for Fluid Dynamics (VKI). The solid and porous

cases have been compared considering a zero-lift angle of attack and a jet outlet flow speed of 30 ms−1. The incident turbulence

has been generated by placing a cylindrical rod upstream of the airfoil. In this arrangement, firstly proposed by Jacob et al. [31]

as an aeroacoustic benchmark problem, the airfoil undergoes a broadband perturbation dominated by a shedding frequency,

similarly to landing-gear applications [32]. The experimental investigation presented in the paper involves the measurement

of the far-field noise with a phased-microphone array, the study of the mean wall-pressure distribution on the surface of the

airfoils, and the characterisation of the mean and unsteady flow field in the stagnation region using a single-sensor hot-wire

probe. The simulations provide complementary information about the description of the different turbulent velocity compo-

nents and are employed to explain the experimental trends. Lastly, the power spectra of the velocity fluctuations measured by

the hot-wire are computed in order to analyse whether they can be linked to the acoustic power spectra. Also in this case, the

experiments are supplemented by the numerical results of the LES.

The paper is structured as follows: the experimental setup and the numerical formulation are presented in Section 2. Section

3 describes the experimental and numerical results, highlighting the turbulence distortion effects in the stagnation region,

whereas in Section 4 the results are discussed considering the analytical inputs of the RDT. Finally, conclusions are drawn in

Section 5.

2. Materials and methods

2.1. Rod-airfoil configuration

Fig. 1 shows a scheme of the rod-airfoil configuration installed in the JAFAR facility of VKI. A circular-to-rectangular con-

traction designed by De Santanta [33] adapts the circular geometry of the upstream duct to the rectangular geometry of the

exhaust nozzle. The area ratio is 2.35 to 1 and the nozzle exit has a span of s = 0.200 m and a width of l = 0.150 m. Two side

plates guide the flow and support the d = 0.020 m diameter cylindrical rod and the NACA-0024 profile, separated from each

other by a distance of 0.174 m (x∕d = 8.20). The airfoil chord is c = 0.157 m (c∕d = 7.85) and the maximum thickness is

approximately t = 0.038 m (t∕d = 1.90). This value has been designed in order to have the same radius for the airfoil leading

edge and the rod.

Given the relatively low aspect ratio s∕c = 1.27 of the airfoil, some precautions were taken to minimise the risk of contam-

ination of the acoustic field by corner effects. Firstly, the junctions between the airfoil and the holding side plates have been

filled with a rounded fillet of plasticine (also to avoid any gap noise) with radius approximately equal to 0.003 m. This is known

to reduce or even suppress the appearance of horseshoe vortices [34], which may otherwise produce noise when scattered

at the trailing edge. Secondly, the thickness of the incoming boundary layer over the side plates is less than 0.002 m and is

Fig. 1. Sketch of the rod-airfoil configuration installed in the JAFAR facility of VKI. The red arrows denote the coordinate axes of the reference system. (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Structure of the permeable exoskeleton exhibiting the hexagonal openings and the static pressure port.

characterised by a turbulence intensity well below that of the incoming turbulence in the main stream.

The following reference system, indicated by the red arrows in Fig. 1, has been adopted for the presentation of the results:

the x-axis is aligned with the flow direction, the z-axis is aligned with the spanwise direction of the airfoil, and the y-axis is

oriented in the normal direction in order to form a right-handed coordinate system. The origin is set at the midspan and at the

leading edge of the airfoil mock-up.

2.2. Design of the airfoils

The same manufacturing technique has been used to design the solid and the porous versions of the airfoil. For both of

them, a hard plastic exoskeleton with a thickness of 0.002 m preserves the structural integrity of the model. This is made of

two components, one per each side of the airfoil surface, which have been glued together at the leading edge and the trailing

edge. The porous airfoil exoskeleton features hexagonal openings throughout its surface, with a side-to-side length of 0.004 m

and an equivalent open area ratio of 80 % to allow for the penetration of the air flow into the inner region. Fig. 2 illustrates a

schematic of this component. The volume of the airfoil has been filled with melamine foam. A hard plastic impenetrable center-

plane avoids the cross-flow between the two sides of the wing profile. However, its extent does not cover the first 6.4 % of the

chord (one leading-edge radius) to allow for the penetration of the air flow at the stagnation point. Moreover, both airfoils have

been coated with the same metallic woven wire mesh, which protects the materials and guarantees an adequate quality surface

roughness. This is characterised by an aperture of 0.198 mm, a wire diameter of 0.056 mm, and an open area ratio of 60.8 %.

Fig. 3(a) provides a sketch of the different parts of the porous airfoil, whereas a picture of the two manufactured prototypes is

shown in Fig. 3(b).

Finally, the solid and the porous airfoils have been equipped with 35 static pressure sensors distributed along both sides of

the airfoils, at corresponding streamwise locations (Fig. 3(a)). The transducers have been placed at the corners of the hexagonal

openings in the midspan of the exoskeleton, thereby minimising the alterations of the local open area ratio, as shown in Fig. 2.

The x-coordinates of the sensors range from 1 % to almost 80 % of the chord. Furthermore, an additional measurement position

has been designed at the airfoil leading edge in order to acquire the stagnation pressure. The ports have then been connected to

an in-house acquisition system for the evaluation of the mean wall-pressure distributions and the data have been acquired at a

sampling frequency of 500 Hz, with an acquisition time of 15 s.

2.3. Characterisation of the porous medium

According to the Johnson-Champoux-Allard-Lafarge (JCAL) model [35–37], the six parameters that are necessary to fully

characterise the porous material are the static air flow resistivity, 𝜎, the porosity,𝜑, the tortuosity, 𝛼∞, the viscous characteristic

length, Λ, the thermal characteristic length, Λ′, and the static thermal permeability, k′. Besides these, another property used to

define a porous medium is the static viscous permeability, k, which is directly linked to 𝜎 by the relationship k = 𝜇∕𝜎, 𝜇 being

the dynamic viscosity of air.

The characterisation of the melamine foam parameters has been carried out in collaboration with the Laboratoire

d’Acoustique de l’Université du Maine (LAUM). An inverse method based on the measurement of the scattering matrix by means

of a 4-microphone impedance tube has been adopted [38]. The results are listed in Table 1. Furthermore, additional measure-

ments have been performed at Centre de Transfert de Technologie du Mans (CTTM) using samples of the exoskeleton and the
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Fig. 3. (a) Representation of the porous NACA-0024 profile featuring the solid center-plane, the hard-plastic exoskeleton, the metallic wire mesh and the static pressure

ports. (b)–(c) Pictures of the solid airfoil (on the left) and the porous airfoil (on the right) manufactured at VKI.

Table 1

JCAL model parameters characterising the melamine foam of the porous airfoil.

𝜎 [Pasm−2] 𝜑 [−] 𝛼∞ [−] Λ [m] Λ′ [m] k
′

[m2]

8.683 × 103 0.986 1.02 1.344 × 10−4 1.942 × 10−4 2.305 × 10−9

wire mesh. The static air flow resistivity of the two layers has been found to be negligible compared with that of the melamine

foam.

All the measured parameters are provided to give a complete overview, but only part of them are necessary to model the

porous airfoil in the LES, as will be covered in greater detail in Section 2.7.

2.4. Nozzle flow qualification

The experiments have been carried out at a free-stream flow velocity of U∞ = 30 ms−1 that corresponds to a Reynolds

number based on the rod diameter of Red = 4.1 × 104. The airfoil is set at zero angle of attack, which has been verified by the

mean wall-pressure distribution.

Profiles of the mean streamwise velocity, U, and of the root-mean-square (r.m.s.) of the streamwise velocity fluctuations, U′,
have been obtained at the nozzle exit with a single hot-wire L-shaped probe. This has been connected to an in-house anemome-

ter and installed in a carriage system, depicted in Fig. 4, that enables the automatic movement of the sensor within the yz plane.

The static calibration of the hot-wire has been performed in-situ on a daily basis, using a Prandtl tube to measure the reference

velocity. All the measurements have been corrected in order to take into account the temperature variations during the tests

by following the method proposed by Bruun [39]. The sampling frequency has been set to 51.2 kHz, which has led to an anti-

aliasing filter set to 25.6 kHz, and the data have been acquired for a duration of 5 s to keep the maximum relative uncertainty

below 0.4 % for the mean velocity in the potential core of the jet.

Fig. 5(a) and (b) present the dimensionless mean velocity, U∕U∞, and the turbulence intensity, U′∕U∞, along the y-axis at

z = 0 respectively. The probe has been placed 0.001 m downstream of the nozzle exit in the streamwise direction, corresponding

to x∕d = −10.65. The cylindrical rod has been removed to allow for the movement of the sensor. The mean velocity remains

within 4 % of U∞ across the potential core of the jet, whereas an increase of up to 9 % of U∞ can be observed in proximity to the
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Fig. 4. Carriage system installed in the JAFAR facility for the automatic movement of the hot-wire L-shaped probe within the yz plane for the qualification of the facility.

Fig. 5. Mean velocity (a) and turbulence intensity (b) profiles at x∕d = −10.65, corresponding to x = −0.213 m, at the airfoil midspan.

nozzle edges. The sharp transition in the velocity between the potential core and the no-flow region indicates a limited width

for the shear layer, as would be expected at such a short distance from the nozzle exit. In Fig. 5(b), the turbulence intensity is

found to be about 0.4 % in the potential core of the jet. Finally, the peaks in turbulence intensity are located in the two shear

layer regions and amount to almost 10 %, with an uncertainty below 1.4 %. The present results have been used as boundary

conditions for the numerical prediction of the flow field, as reported in Section 2.7.

2.5. Flow field characterisation

The investigation of the stagnation region surrounding the airfoil leading edge has been conducted using the same hot-wire

anemometer employed for the nozzle flow qualification. In this case, the carriage system has been rotated in order to enable

the movement of the probe along the x-direction. The wire has been mounted on a straight probe oriented perpendicularly to

the flow direction. The sampling frequency has been set to 51.2 kHz, whereas the acquisition time has been extended to 10 s in

order to ensure statistical convergence in the computation of the velocity power spectral density (PSD) of the incident velocity

fluctuations. This quantity has been processed by means of the Welch method [40], with blocks of 213 samples windowed using

a Hanning weighting function that is characterised by a 50 % data overlap, thus providing a frequency resolution of 6.25 Hz. The

same parameters have been employed to compute the PSD from the LES data. Furthermore, the temperature variations have

been corrected by following the model proposed by Bruun [39].

Fig. 6 illustrates the measurement positions of the single traverse acquired along the stagnation streamline. The x-coordinate

is normalised by the leading-edge radius, rLE. The traverse has been designed at z = 0.1 s in order to avoid the influence of the

static pressure port on the measurement points close to the airfoil surface. 55 locations have been considered, with the probe

moving in the streamwise direction from the upstream flow region towards the airfoil leading edge. The distance between

consecutive measurement positions varies from 2.0 mm, to 1.0 mm, and finally to 0.5 mm as shown in Fig. 6. The minimum

distance of the probe from the surface less than 0.5 mm has been evaluated using a dummy sensor having the same geometry as
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Fig. 6. Traverse designed for the characterisation of the stagnation streamline by means of hot-wire anemometry consisting of 55 points at z = 0.1 s. The distance between

the points is 2.0 mm, 1.0 mm, and 0.5 mm for respectively the first 50 mm (5 rLE), the following 10 mm (1 rLE), and the final 10 mm (1 rLE) of the traverse, whereas the

minimum distance of the probe from the surface is 0.5 mm.

Fig. 7. (a) Configuration of the GIBF sound map, with the black lines indicating side-plates, rod, and airfoil leading edge and trailing edge, the red dashed lines denoting

the source integration area, and the blue dots illustrating the projection of the central microphones positions on the scanning grid plane. (b) GIBF sound map for the solid

airfoil at f1/3 = 250 Hz computed with a reference pressure pref = 20 μPa. No background noise removal has been applied. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

the hot-wire probe. In this way, it has been possible to optically determine the exact position at which the prongs of the sensor

touch the surface of the airfoil at the leading edge without harming the actual probe.

2.6. Acoustic beamforming setup

The noise reduction performance that is achieved with a porous treatment of the airfoil has been evaluated by means of

acoustic beamforming. A seven arms Dougherty array [41] has been used for the measurements. This has been placed at 1.160 m

from the airfoil, out of the flow, and its center has been approximately aligned with the midspan of the airfoil leading edge. The

array has an aperture of 1.500 m and is equipped with 64 capacitor-based Knowles electret microphones model FG-23329-P07

(frequency response: ±3 dB; frequency range: from 100 Hz to 10 kHz), calibrated in amplitude and in phase. Fig. 7(a) depicts

the projection of the central microphones positions on the scanning grid plane. The data have been acquired at a sampling

frequency of 51.2 kHz for 60 s. The cross-spectral matrix of the measured signals has been computed by employing the Welch

method [40], with blocks of 213 samples windowed using a Hanning weighting function that is characterised by a 50 % data

overlap, thus providing a frequency resolution of 6.25 Hz.

The acoustic data have been post-processed using a Generalized Inverse Beamforming (GIBF) technique developed at VKI

and validated with both numerical and experimental benchmark datasets [42–45]. Corrections to account for the convection

of the flow and the refraction of the shear layer have been applied by following the method proposed by Sijtsma [46]. The

use of an advanced beamforming algorithm turns out to be crucial to properly isolate the different noise source contributions

coming from the open jet, the rod self-noise, and the noise sources generated at the juncture of the side-plates and the airfoil

due to the scattering of the turbulent boundary layer forming along the plates. Particularly, the rod-noise has been found to be

the dominant source for a major part of the sound frequency spectrum, making it difficult to measure the leading-edge noise

produced by the airfoil with a single microphone. This is a consequence of the thickness effect of the NACA-0024 profile that

decreases the efficiency of the noise generation mechanism, as mentioned in Section 1.
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A proper handling of the background noise is also required to ensure a better evaluation of the sound maps. Hence, the

advanced subtraction technique developed by Bahr and Horne [47] has been employed. In this case, the acquired background

noise corresponds to a configuration where the airfoil has been removed. Indeed, the distance between the rod and the airfoil

is such that the vortex shedding is not suppressed by the presence of the body and the vortex-shedding frequency remains

unaltered, making it feasible to perform the subtraction. An example of a GIBF sound map where no background noise removal

has been applied is reported in Fig. 7(b). The map refers to the solid airfoil and has been computed at the one-third octave band

center frequency f1/3 = 250 Hz and with a reference pressure of pref = 20 μPa.

Moreover, GIBF is based on the eigendecomposition of the cross-spectral matrix of the microphone signals and each eigen-

value is linked to a coherent source distribution under constraint of orthogonality [48]. This feature makes it possible to select

a subset of eigenmodes to process, which corresponds only to the actual sources of interest, such as the ones generated by

turbulence-interaction. A similar approach has been followed by Zamponi et al. [49] for characterising the aeroacoustic noise

sources of a counter-rotating open rotor by means of GIBF. In the present investigation, one eigenmode has been found to be

dominant for each frequency after the background subtraction and, therefore, has been computed by the algorithm.

An extensive analysis of the acoustic beamforming sound maps has been already reported in Zamponi et al. [29]. In that

instance, the investigation was limited to the one-third octave band center frequencies ranging from 1 kHz to 5 kHz and a sig-

nificant noise increase was observed starting from 2 kHz. The origin of this phenomenon can be attributed to the presence of

the exoskeleton that induces a cross-flow within its hexagonal pores and alters the surface roughness. This hypothesis is sup-

ported by the agreement between the results of the boundary layer characterisation and the ones of similar studies conducted

on porous surfaces [25,26,50].

The focus of the present analysis is on the low-frequency range in order to investigate the noise reduction around the vortex

shedding frequency. At low frequencies, the resolution of the beamforming sound maps is typically too low to exhibit a clear

representation of the distributed noise sources along the leading edge due to the beamwidth characteristics of the microphone

array. Nevertheless, the information on the source strength is preserved and it can be evaluated by integrating the sound maps

after their decontamination from the background noise. The integration is then performed by summing the pressure values of

each scanning grid point within a square region surrounding the airfoil leading edge.

A sketch of the experimental setup to yield the sound maps is illustrated in Fig. 7(a). The scanning grid ranges between

−2 < z∕c < 2 and −2 < x∕c < 2, with a spatial resolution of 0.010 m. The vertical black lines indicate the test section

side-walls, the cylindrical rod, the leading edge, and the trailing edge of the airfoil. The red dashed lines indicate the considered

integration area, which is located within the potential core of the jet and has a dimension of 0.15 m × 0.15 m.

2.7. Numerical simulations

This section provides a brief summary of the LES method and the porous model, the details of which have been given in

Satcunanathan et al. [30]. Statistics and spectra of both streamwise and upwash turbulent velocity components have been

extracted from the numerical simulations in order to complement and interpret the experimental data of the single hot-wire

anemometer.

Within the LES, the air-saturated porous medium is treated by the method of volume-averaging [51] applied to the conserva-

tion equations of mass, momentum, and energy. The flow inside the porous medium is equally defined in the fluid and the solid

phase by the spatially filtered continuously varying field variables in space and time. Using ⟨⟩ to denote the intrinsic average

and ⟨⟩F the Favre average, the compressible volume averaged Navier-Stokes (VANS) equations in non-dimensional strong form

read

𝜕Q̂

𝜕t
+ ∇ ·

(
Ĥinv − Ĥvis

)
+ 1

𝜑
Ĥint · ∇𝜑 +  = 0, (1)

Q̂ =
[⟨𝜌⟩, ⟨𝜌⟩⟨u⟩F , ⟨𝜌⟩⟨E⟩F

]T
being the vector of spatially averaged conservative variables. The inviscid and viscous flux tensors

are given by

Ĥinv − Ĥvis =
⎡⎢⎢⎢⎣

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

⎤⎥⎥⎥⎦ −
1

Red

⎡⎢⎢⎢⎣
0⟨𝝉⟩F⟨𝝉⟩F · ⟨u⟩F +

1

Pr
⟨q⟩

⎤⎥⎥⎥⎦ (2)

and the contribution of the inviscid flux vector at the fluid-porous interface is Hint = Hinv − ⟨p⟩I. The quantities 𝜌, p, u, E, 𝝉 ,

q, I, Red, and Pr denote the density, the pressure, the velocity vector, the total energy, the shear stress tensor, the heat flux

vector, the unit tensor, the Reynolds number based on the rod diameter and the free-stream flow velocity, and the Prandtl

number respectively. The surface filter term  =
[
0,∕𝜑, 0

]T
contains the porous drag  that is closed by means of the Darcy-

Forchheimer model, expressed for a homogeneous and isotropic porous medium by

 = 1

Rek

√
Da

𝜑𝜇⟨u⟩F

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
Darcy

+ 1√
Da

𝜑2cF⟨𝜌⟩|⟨u⟩F |⟨u⟩F

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Forchheimer

. (3)
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Table 2

Darcy-Forchheimer model parameters characterising the melamine

foam for L = d.

𝜑 [−] Da [−] cF [−] Rek[−]

0.986 5.3 × 10−6 0 92

The permeability Reynolds number, Rek = Red

√
Da, is defined with dp%

√
k as the length scale, which is a measure for the

effective pore diameter, whereas the Darcy number, Da, is defined as Da = k∕L2, L being some reference length. The Darcy-

Forchheimer model (Eq. (3)), together with Eq. (1), characterises the porous medium in terms of the porosity, 𝜑, the permeabil-

ity, k, and the Forchheimer coefficient, cf , and assumes the porous frame to be rigid, neglecting coupling effects due to elasticity

as well as thermal effects.

The material parameters from Section 2.3 that have been used to calibrate the Darcy-Forchheimer model are the porosity

and static air flow resistivity. This can be also inferred from the JCAL model for 𝜔 → 0, which corresponds to the case of a

directed flow through the porous material, as a limiting case of the acoustic wave behavior. The equivalent flow setup is that

of a flow with a constant volume rate through the porous material, which then experiences a pressure drop. The calibration of

the model parameters by a best fit to match the pressure drop of the real melamine foam of the experiments at one operating

point prevented the simultaneous determination of k and cF . Therefore, the latter was set to zero, which equates to omitting the

quadratic Forchheimer contribution. The parameters are summarised in Table 2, where the permeability is given in terms of Da,

with L = d. More details on the model calibration are provided in Satcunanathan et al. [52].

The equations are solved by a finite-volume method, which have 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 an explicit Runge-Kutta scheme. The overall scheme is second-order accurate in space and time. The LES is

based on the monotone integrated LES (MILES) ansatz. The equations are discretised on a locally refined, unstructured, Carte-

sian mesh with a fully conservative cut-cell approach for the wall boundaries [53]. Details concerning the immersed boundary

treatment of the fluid-porous interface are given in Satcunanathan et al. [30].

Two simulations have been set up, one for the solid and one for the porous airfoil. Both are supposed to match the exper-

imental setups described in Section 2. For the porous airfoil, modelling the exoskeleton and the wire mesh as a homogeneous

porous material is impractical for two reasons. On the one hand, it requires the specification of a porosity and a static air flow

resistivity, which have been found to be negligible compared to that of the bulk volume. On the other hand, a scale separation

between a representative averaging volume and the spatially averaged flow features of interest is not feasible and prevents the

hexagonal openings from being treated as pores in the classical sense. The alternative of fully resolving the exoskeleton and

the wire mesh has been omitted here for reasons of efficiency. Consequently, surface roughness effects are not captured. To

maintain the shape of the airfoil and investigate the exclusive effect of the melamine foam, the dimensions of the porous airfoil

are assumed to match the solid airfoil. The dominating qualitative effects are thus expected to result from the bulk melamine

foam.

The computational domain extends 90 d × 64 d × 𝜋 d in the streamwise, normal, and spanwise direction, resulting in 186

million mesh points for the baseline case and 206 million mesh points for the porous case. In the spanwise direction, periodic

boundary conditions have been applied and synthetic eddies of uniform intensity have been superimposed to the inflow jet

[54] at the inlet. After the transient, the flow field has been time-averaged and statistics of the turbulent flow field have been

processed for a total of Tsu∞∕d = 161 time units corresponding to approximately 32 shedding cycles at a Strouhal number of

St = 0.2 to get converged statistics.

3. Results

In this section, the results of acoustic beamforming are first presented. Subsequently, the influence that the porous material

has on the flow field around the solid and porous airfoil is analysed through mean wall-pressure distribution measurements.

Finally, the outcomes of the experimental and numerical investigation of the flow field alterations within the stagnation region

are discussed.

3.1. Aeroacoustic measurements

Fig. 8(a) and (b) show the GIBF sound maps for the solid and the porous airfoils respectively and refer to the one-third octave

band center frequency f1/3 = 250 Hz, which corresponds to the band that includes the vortex shedding frequency. The maps

provide the one-third octave band sound pressure level Lp(1/3) calculated with a reference pressure of pref = 20 μPa and they are

presented considering the same dynamic range of 10 dB. As already mentioned in Section 2.6, the noise source region does not

appear distributed at the leading edge but extends over most of the airfoil surface for both solid and porous cases. Nevertheless,

the adopted dynamic range allows for a visual estimation of the noise reduction achieved at this frequency range due to the

porous treatment.
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Fig. 8. GIBF sound maps exhibiting the noise source distribution contours for the solid (a) and porous (b) airfoil at f1/3 = 250 Hz. The maps are plotted with the same

10 dB dynamic range for both cases and computed with a reference pressure of pref = 20 μPa. A background subtraction technique is applied to reduce the rod-noise

contribution.

Fig. 9. (a) GIBF integrated one-third octave band spectra referred to the one-third octave band center frequencies ranging from 250 Hz to 800 Hz for the solid airfoil (red

solid line) and the porous airfoil (blue dash-dotted line) and computed with a reference pressure of pref = 20 μPa. (b) Relative noise reduction due to the porous treatment

of the airfoil with respect to the solid case. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Furthermore, inverse beamforming methods such as GIBF display the source distribution contours instead of the peak source

intensity, differently from direct techniques [48]. Hence, the integration of the maps is required to assess the actual noise source

strength. This explains the relatively low levels of the sound maps in Fig. 8.

The resulting sound maps for one-third octave band center frequencies ranging from 250 Hz to 800 Hz have been subse-

quently integrated with reference to the center of the array. The integrated spectra for both airfoils are presented in Fig. 9(a),

whereas the relative one-third octave band sound pressure level ΔLp(1/3) of the porous airfoil with respect to the solid one is

shown in Fig. 9(b) for a better representation of the noise reduction. The greatest abatement occurs at lower frequencies, in

correspondence with the band containing the tonal component at the shedding frequency, and amounts to about 2.5 dB. For

higher St, the noise mitigation gradually decreases and solid and porous spectra start converging.

However, the noise reduction performance achieved in the present work appears to be low if compared to the results of the

investigations discussed in Section 1. This limited efficiency may be related to the presence of the exoskeleton that decreases

the flow penetration into the melamine foam. Another possible explanation for the lower performance of the porous treatment

is represented by the center-plane. Indeed, the acoustic waves generated on the airfoil surface can potentially penetrate the

porous medium and interact with the solid walls of this component, similarly to the effect of the material junctions in the case

of a porous leading-edge insert [55]. Further parametric studies will be performed in the near future to analyse the influence of

the center-plane on the noise reduction.
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Fig. 10. Cp distribution along the airfoil chord measured for the solid (red solid line) and the porous (blue dash-dotted line) airfoil for U∞ = 30 ms−1 and for a 0◦ angle of

attack. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. Mean wall-pressure distribution

The results of the mean wall-pressure distribution measurements are presented by defining the pressure coefficient Cp as

Cp = p − p∞
p0,s − p∞

, (4)

where p is the measured mean wall-pressure and p∞ and p0,s are respectively the static pressure in the free-stream and the

stagnation pressure measured at the leading edge of the solid airfoil.

The Cp distributions along the chord for the solid and porous airfoils are shown in Fig. 10. Each point of the curve has been

calculated by averaging the mean wall-pressure acquired on the two sides of the airfoil at the same chord position.

The alteration of the mean pressure field by the porous treatment appears to be mostly confined to the upstream 30 % of the

airfoil, despite the fact that the melamine foam fills the porous airfoil up to 80 % of the chord. Nonetheless, the pressure recovery

experienced by the solid NACA-0024 profile downstream of the maximum thickness is slightly higher than the one in the porous

case, with a deviation that increases as the trailing edge is approached. The maximum difference at x∕c = 0.8 is approximately|ΔCp| = 0.03. The present trend agrees with the thicker boundary layer that has been observed in the aft part of the porous

airfoil in previous works [29,30]. Furthermore, the two configurations exhibit almost the same pressure at the stagnation point,

although this value does not correspond to the free-stream dynamic pressure since the airfoil is immersed in the wake of the

rod.

The negative Cp peak for the two airfoils occurs at 17 % of the chord and is almost preserved, being its absolute value reduced

by 6.7 % in the porous case. Moreover, for the porous airfoil, this peak is reached in a more gradual way. The discrepancy can be

explained by the partial penetration of the air flow through the pores of the melamine foam that tends to level out the pressure

differences along the surface and reduces the flow displacement by the NACA-0024 profile. This would most likely degrade the

lift of the airfoil if placed at some non-zero angle of attack, as reported in similar works [56,57].

3.3. Mean and fluctuating velocity field along the stagnation streamline

The experimental hot-wire data along the stagnation streamline presented in Section 2.5 are compared with the results

of the LES presented in Section 2.7 by relating the statistics of the flow velocity field acquired by the single-probe hot-wire

anemometer and the simulated ones. This comparison is meant to validate the numerical results that will be presented in the

following section of the paper.

The quantities u, v, and w indicate the simulated velocity components in the x, y, and z direction and the symbols and ′

denote the mean velocity and the r.m.s. of the velocity fluctuations respectively. Evaluating the magnitude of the two mean

velocity components that are perpendicular to the wire in each sampling point, i.e., u and v, U reads

U =
√

u
2 + v2. (5)

Similarly, the formulation proposed in this paper to estimate U′ is

U′ =
√
(u′ cos𝛼)2 + (v′ sin𝛼)2 with 𝛼 = tan−1

(
v

u

)
. (6)
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This quantity does not correspond to the r.m.s. of the velocity fluctuations that are given by the magnitude of the two velocity

components measured by the probe, but rather represents a weighted average of u′ and v′ based on the local mean flow direc-

tion, which is expressed by the parameter 𝛼. This is a consequence of the fact that, for small turbulence levels, a single normal

hot-wire only responds to fluctuations in the direction of the mean velocity [58].

Nonetheless, the proposed method to evaluate the local mean flow direction and therefore the contribution of the different

velocity fluctuations components to U′ could not be applicable if the numerical data were taken precisely on the stagnation

streamline. Indeed, in such circumstances, v would be zero along the whole traverse and so would 𝛼 due to the flow symmetry.

Hence, U′ would correspond to u′ and no influence of v′ would be detected. In order to tackle the problem, the LES data were

extracted at y = 8.8 × 10−5 m. This distance was close enough to provide a negligible deviation from the flow field statistics

computed on the stagnation streamline and far enough to have a non-zero value of v in the stagnation region.

The hot-wire anemometry results indicate that the implementation of the porous material in the airfoil structure preserves

the potential effect with regard to the upstream flow. Fig. 11(a) illustrates the mean velocity profile along the stagnation stream-

line for the solid and the porous airfoils. U is normalised by the free-stream velocity. As can be observed, the experimental data

for the two cases follow the same trend up to the immediate vicinity of the leading edge. This conclusion is supported also by

the relatively small deviation in the solid and porous Cp distributions of Fig. 10.

Moreover, the hot-wire data are in a fairly good agreement with the numerical results corresponding to the solid airfoil for

𝜉 = x∕rLE ≤ −1. The deviation that is present for 𝜉 > −1 has been already reported by Bearman [59] and is probably due to a

thermal effect produced by the proximity to the surface or due to the intrusiveness of the hot-wire probe that has moved the

stagnation point slightly. By contrast, the numerical results computed for the porous case do not follow the same trend as the

solid one, hinting at an alteration of the airfoil’s potential effect. The discrepancy may be linked to the absence of the hard-plastic

Fig. 11. Mean velocity profile (a) and velocity fluctuation profile (b)–(c) of the solid (in red) and porous (in blue) airfoil along the stagnation streamline for U∞ = 30 ms−1

and for a 0◦ angle of attack. The solid and dash-dotted lines refer to the numerical results of the LES, whereas the triangle and dot symbols refer to the VKI experimental

data. U′
ref

corresponds to the r.m.s. of the velocity fluctuations evaluated at 𝜉 = −7 for the solid case. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 12. Mean velocity for the solid (on the left) and the porous airfoil (on the right) in the stagnation region extracted by the LES. The u- (a) and the v-component (b) are

made dimensionless by the free-stream velocity, U∞.

permeable exoskeleton and the wire mesh in the numerical model of the porous medium, as explained in Section 2.7.

The most striking effect of porosity is on the evolution of the turbulent velocity fluctuations in the immediate vicinity of the

leading edge. The velocity fluctuation profile along the stagnation streamline for the solid and the porous airfoil is depicted in

Fig. 11(b) and an enlargement of the same plot is reported in Fig. 11(c). The velocity U′ is normalised with an upstream reference

value, U′
ref

, which corresponds to the r.m.s. of the velocity fluctuations that has not been affected by the presence of the airfoil

yet. This notation is consistent with the one by Batchelor and Proudman [19], Bearman [59], Hunt [18], and Britter et al. [60] in

their investigations of the turbulence distortion. U′
ref

has been evaluated at 𝜉 = −7 and refers to the solid case. As can be seen

from the plot, the experimental data present a similar trend up to about 0.5 rLE from the leading edge, with a constant value

equal to 1 for 𝜉 < −2 and a decrease in the region −2 ≤ 𝜉 < −0.5. After this threshold, the solid and the porous cases diverge

significantly, the former starts to increase and the latter keeps decreasing.

Furthermore, a good agreement is found between the numerical and the experimental data for both solid and porous airfoils

in this case, indicating that the previously mentioned thermal effects do not affect the measurement of the velocity fluctuations

performed by the hot-wire. Notably, the slope with which U′ increases in the immediate vicinity of the solid airfoil is well

predicted by the simulations, although a slight underestimation is observed for the minimum peak at 𝜉 = −0.5. However,

for the porous case, a small discrepancy is visible for 𝜉 > −0.5. Analogously to the mean velocity comparison, this may be

associated with the fact that the exoskeleton and the wire mesh have not been modelled in the numerical simulations.

3.4. Mean and fluctuating velocity in the stagnation region

Mean and r.m.s. velocities have been extracted from the LES to analyse the velocity components independently and to explain

the hot-wire trends in Fig. 11. Fig. 12(a) and (b) present the mean velocity in the stagnation region for the solid and the porous

cases. As indicated by the white airfoil outline, the LES provide an estimation of the flow field partially penetrating into the
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Fig. 13. Turbulence intensity for the solid (on the left) and the porous airfoil (on the right) in the stagnation region extracted by the LES. The u′- (a) and the v′-component

(b) are made dimensionless by the free-stream velocity, U∞ .

inner porous volume. Specifically, the low pressure spot that corresponds to the region of highest streamline curvature and flow

acceleration (at x∕c = 0.17 in Fig. 10) attracts the surrounding fluid and in particular the boundary layer flow of low momentum,

generating an induced flow within the melamine foam. This phenomenon is at the origin of the pronounced momentum deficit

of u and v that is visible in the maps for x > 0 and has already been addressed in previous works by the authors [29,30]. Lastly,

the effective influence of the porosity on the mean flow field is expected to be less pronounced than the one shown in the maps.

This assumption is based on the deviation between experiments and simulations observed in Fig. 11(a) for the porous case.

The velocity fluctuations in the wake of the rod are primarily caused by the shed vortices, which lead to a much larger

component in the normal direction than in the streamwise direction. In addition, the porous treatment of the airfoil has a

significant effect on the evolution of the turbulent velocity fluctuations as they are convected towards the leading edge. The u′

and v′ components in the stagnation region are illustrated in Fig. 13(a) and (b) respectively, whereas the values extracted at

y∕rLE = 0 are reported in Fig. 14.

Along the stagnation streamline of the solid airfoil, u′ is suppressed due to the no-penetration condition, whereas this reduc-

tion is weakened in the porous case. Similarly, the increase of u′ experienced on the solid airfoil surface in the surrounding

region of the leading edge is mitigated by the presence of porosity. This trend has already been pointed out in Zamponi et al.

[29] as a result of the boundary layer characterisation by hot-wire anemometry. Consequently, the main effect of the porous

treatment on u′ is to dampen the variation of velocity fluctuations near the airfoil.

Moreover, the significant amplification in the upwash component of the velocity fluctuations around the stagnation point

that is observed for the solid case is significantly attenuated for the porous one. The reduction in v′ is reflected in the Turbulent

Kinetic Energy (TKE), reported in Fig. 15, and constitutes a key point in understanding how the porous treatment of the airfoil

affects the turbulence distortion. The upwash turbulent velocity is indeed the component that is responsible for the unsteady

lift according to the linearised airfoil theory [61] and for the associated noise following Amiet’s model [8]. In addition, a second

amplification in v′ can be observed in the porous case within the inner volume of the melamine foam in proximity to the solid
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Fig. 14. Turbulence intensity for the solid (red lines) and the porous airfoil (blue lines) extracted by the LES along the stagnation streamline. The u′- and the v′-component

are made dimensionless by the free-stream velocity, U∞ . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 15. Turbulent kinetic energy for the solid (on the left) and the porous airfoil (on the right) in the stagnation region extracted by the LES and made dimensionless by the

free-stream velocity, U∞ .

center-plane (Fig. 14). The present trend confirms the relevance of the role played by this component on the acoustic field, as

already mentioned in Section 3.1.

Finally, the results illustrated in Fig. 11(b) can now be explained through the maps presented in Figs. 12 and 13 and the

trends reported in Fig. 14. u′ dominates the trend of U′ in the upstream flow region where 𝛼 ≈ 0. As the stagnation point is

being approached, u′ is reduced and so is U′. However, since the decrease in u is also associated with an increase in 𝛼 (see Eq. (6)),

the contribution of v′ to U′ becomes more significant in this region. Therefore, the relatively higher U′ values in the solid case are

caused by the transfer of momentum from the streamwise component to the upwash component of the velocity fluctuations

due to the no-penetration condition imposed by the rigid surface. This increase in v′ can be detected near the leading edge

because the heat transfer of the hot-wire is no longer dominated by the mean flow. Likewise, the absence of the no-penetration

condition at the porous surface makes it possible to have a non-zero value for the mean velocity at the stagnation point, which

can be considered fictitious in this case. Hence, in the immediate vicinity of the leading edge, 𝛼 is smaller for the porous airfoil

than for the solid one and this yields a further attenuation of U′ for the porous case with respect to the solid one.

3.5. Turbulent velocity power spectra

The PSDs of the velocity fluctuations from the experimental data extracted at four specific locations along the stagnation

streamline have been computed. The results in Fig. 16 are presented in dB/St with a reference of 1 m2s−2. The Strouhal number

is based on the cylindrical rod diameter and the free-stream velocity.

The measured vortex shedding frequency is found to be at St = 0.176 ± 0.001. This value is slightly lower than what is

commonly reported for Reynolds numbers in the high sub-critical regime [62–64]. The discrepancy is most likely caused by
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Fig. 16. Velocity fluctuations PSD for the solid (solid red line) and the porous case (dashed blue line) computed from the hot-wire measurements at (a) 𝜉 = x∕rLE = −6.7,

(b) 𝜉 = −1, (c) 𝜉 = −0.5, and (d) 𝜉 = −0.05 with a reference of 1 m2s−2 . (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

the significant blockage of the rod with respect to the wind tunnel width. At 𝜉 = −6.7 (Fig. 16(a)), the velocity power spectra

clearly present two peaks corresponding to the vortex shedding frequency and its first harmonic. At this position, no difference

can be detected between the solid and the porous case, as already observed in Fig. 11(b).

At 𝜉 = −1 (Fig. 16(b)), the two considered cases still exhibit the same trend but now the vortex shedding frequency peak

turns out to be fully dampened and is no longer visible in the spectra. It has been observed that this peak gradually decreases

from the region downstream of the rod up to 𝜉 = −2, where it disappears. Interestingly, at this location, the r.m.s. of the velocity

fluctuations measured by the hot-wire starts reducing, as shown in Fig. 11(b).

Furthermore, in this intermediate region, the turbulence is not yet distorted and the turbulent fluctuations extracted from

the numerical simulations are found to be comparable in the different components, hinting at a local isotropic turbulence. Under

this assumption, the size of the largest eddies of the turbulent flow in the streamwise direction can be estimated by evaluating

the streamwise integral length scale Lx from the autocorrelation function of the hot-wire time signal and from the local mean

flow velocity [65] considering Taylor’s frozen turbulence assumption. The resulting Lx ≈ 4.2 rLE will be used in Section 4 to

interpret the velocity fluctuation trends by means of the RDT.

At 𝜉 = −0.8, the peak at St = 0.176 ± 0.001 reappears for both airfoils and increases in magnitude as the stagnation

point is approached. This phenomenon is typical for stagnation-point flows [66] and might be caused by the effect of the flow

deceleration that excites the instability associated with the vortex shedding and present in the incoming flow. Indeed, vorticity

of sufficiently large scale eddies properly oriented to be stretched can undergo amplification as these structures are convected

towards the stagnation region.

Moreover, the solid and porous spectra start diverging from 𝜉 = −0.5 (Fig. 11(c)) on, consistently with the U′ trends in

Fig. 11(b). For the measurement point closest to the airfoil surface at 𝜉 = −0.05 (Fig. 16(d)), the part of the power spectrum

that is affected by the porosity is the one at low Strouhal numbers, which corresponds to large vortical structures, whereas the

high-St region is mostly unaltered.
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Fig. 17. PSD of the streamwise component (on the left) and the upwash component (on the right) of the velocity fluctuations for the solid (solid red lines) and the porous

case (dashed blue lines) extracted by the LES at 𝜉 = −0.05. The reference is 1 m2s−2 . (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Likewise, a better understanding of the turbulence distortion can be gained by the analysis of the LES velocity components

separately. Fig. 17 illustrates the PSD of the streamwise (PSDu′u′ ) and the upwash (PSDv′v′ ) component of the velocity fluctua-

tions extracted at 𝜉 = −0.05 for the solid and porous configurations. For both components, the porosity mostly alters the power

spectrum in the low-St region up to about St = 0.05, similarly to the experimental trend. In this range, the limited decrease in

u′ observed in the stagnation region of the porous airfoil (Fig. 14) is reflected in higher values of PSDu′u′ for this configuration

with respect to the solid one. Conversely, the power spectra of the upwash component of the velocity fluctuations in the porous

case are characterised by lower values of PSDv′v′ in the low-St region. The combination of these opposite trends can explain the

quantitative difference reported in Fig. 16(d). Furthermore, the porous surface has also an effect on the slope of PSDu′u′ , as can

be deduced by the slightly lower values at high Strouhal numbers. This aspect will be further discussed in Section 4 by means of

the RDT.

Finally, the extent of the influence of the porous treatment on the turbulence distortion can be investigated by analysing

the power spectra of the velocity fluctuations at several positions around the airfoil leading edge. Fig. 18 reports the PSDs of

the two velocity fluctuations components extracted by the LES at three different locations that gradually drift away from the

stagnation streamline. Near the leading edge (Fig. 18(a)), PSDu′u′ is generally higher in the porous case than in the solid one for

the majority of the spectrum, reflecting the trend of u′ shown in Fig. 13(b). Interestingly, the vortex shedding peak visible in

the power spectrum for the solid airfoil is not present in the one for the porous airfoil. This absence may be linked to a better

damping of the vortical structures shed by the rod in the interaction with the porous surface and may clarify why the greatest

noise abatement occurs in the one-third octave frequency band containing the vortex shedding peak. In contrast, the trend

exhibited by PSDv′v′ is closer to the one in Fig. 17. The significant alteration in the PSD of the upwash component of the velocity

fluctuations due to the porous treatment is confined to the low-St region, especially for St < 0.3. At the intermediate location

(Fig. 18(b)), the deviation between the two airfoil configurations is reduced for both velocity components and the power spectra

start converging, with the exception of the vortex shedding peak. The present trend is even more pronounced at the location

farther from the leading edge (Fig. 18(c)). In conclusion, the porosity is estimated to have an influence on the two components

of the velocity fluctuations and, therefore, on the turbulence distortion up to about 𝜉 = 2. This result is in agreement with the

outcomes of the airfoil boundary layer characterization previously performed [29].

4. Interpretation of the results: Rapid Distortion Theory

The results of the investigation described in Section 3 can be interpreted considering the RDT. Indeed, previous experimental

studies [17,67] have demonstrated that, in a region sufficiently close to the stagnation point, the inflow distortion experienced

by an airfoil is similar to the one caused by a cylinder that has the same radius as the tangent circle at the airfoil leading edge.

According to Hunt [18], there are two ways in which a bluff body can affect the incident turbulent flow:

• through the distortion of the vorticity field due to potential effect of the body, which alters the mean velocity field around it

and upstream of it and leads to a deflection of the streamlines;

• through the pressure exerted by the body, which blocks the turbulence fluctuations by forcing the component of the incident

velocity that is normal to its surface to be zero.

The first effect can be considered negligible if the streamwise integral length scale of the turbulent flow is much higher

than the characteristic dimension of the body. For the airfoil case, the aforementioned condition can be expressed by Lx ≫ rLE.
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Fig. 18. PSD of the streamwise component (on the left) and the upwash component (on the right) of the velocity fluctuations for the solid (solid red lines) and the porous

case (dashed blue lines) extracted by the LES at (a) x∕rLE = 0.04, y∕rLE = 0.36, (b) x∕rLE = 0.15, y∕rLE = 0.57, and (c) x∕rLE = 0.29, y∕rLE = 0.78. The reference is 1 m2s−2 .

(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

On the contrary, the body always exerts pressure on the flow, regardless of the ratio between the streamwise integral length

scale of the turbulence and the leading-edge radius. The present mechanism is evident for a flat plate, which is characterised by

Lx∕rLE → ∞. In this extreme case, the vorticity field is almost unaffected by the presence of the body and the only contribution

to the alteration of the turbulent velocity fluctuations comes from the second effect.

As showed in Section 3, the turbulence approaching the airfoils at 𝜉 = −7 is characterised by Lx∕rLE > 4. Therefore, it is

reasonable to assume that the contribution of the first mechanism is almost negligible. Moreover, a closed-form expression of

the RDT for describing the fluctuating velocity field around the body can be derived for the asymptotic case Lx∕rLE → ∞ given

the mean velocity field and the rate of change of it due to small alterations in the direction of the incident flow [18]. In his theory,

Hunt assumes the mean velocity field to be inviscid and the turbulent velocity fluctuations to be small compared with the free-

stream velocity. Under these assumptions, an analytical formulation of the r.m.s. of the velocity fluctuations for Lx∕rLE → ∞ is

[18] {
M

(0)
11

u′
∞ + M

(0)
12

v′∞ = u′

M
(0)
21

u′
∞ + M

(0)
22

v′∞ = v′
(7)
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Fig. 19. Trends of the r.m.s. of the velocity fluctuations along the stagnation streamline predicted by the RDT for the asymptotic case Lx∕rLE → ∞.

with

M
(0)
ij

=
⎡⎢⎢⎢⎣
1 − (1 − 𝜉)2 − 𝜐2

[(1 − 𝜉)2 + 𝜐2]2

2(1 − 𝜉)𝜐
[(1 − 𝜉)2 + 𝜐2]2

−2(1 − 𝜉)𝜐
[(1 − 𝜉)2 + 𝜐2]2

1 + (1 − 𝜉)2 − 𝜐2

[(1 − 𝜉)2 + 𝜐2]2

⎤⎥⎥⎥⎦ , (8)

where 𝜉 = x∕rLE ≤ 0, 𝜐 = y∕rLE ≤ 0, and u′∞ and v′∞ denote the free-stream values of u′ and v′ (similarly to the convention

adopted for U′
ref

in Fig. 11(b)). Along the stagnation streamline, Eqs. (7) and (8) yield

u′ = u′
∞

(
1 − 1

(1 − 𝜉)2

)
, (9)

v′ = v′∞

(
1 + 1

(1 − 𝜉)2

)
. (10)

The trends expressed by Eqs. (9) - (10), valid in the immediate vicinity of the stagnation point, are plotted in Fig. 19. The

r.m.s. of the velocity fluctuations in the streamwise direction and the ones in the normal direction are respectively dampened

and amplified with reference to their free-stream values. This asymptotic result is in qualitative agreement with what has been

observed in Fig. 14 for the solid airfoil and highlights the momentum transfer that occurs between u′ and v′ due to the no-

penetration condition. However, for the porous case, the possibility for part of the incident velocity to penetrate the porous

medium alters the mean velocity field around the airfoil and provides a non-zero value for the velocity on the surface. This

constitutes a reduced geometrical discontinuity with respect to a solid wall. Hence, the porous body exerts a lower pressure

on the turbulence with respect to the solid one and this leads to a damping effect on the variation of the velocity fluctuations

starting from 𝜉 = −0.5, as discussed in Section 3. Moreover, although the vorticity distortion makes a negligible contribution to

the evolution of the velocity fluctuations, it most likely affects the high-St region of the turbulent velocity power spectra, which

is associated with small-scale turbulence. Therefore, the deviation in PSDu′u′ between the solid case and the porous one observed

in this region (Fig. 17) can be linked to the different way the porosity alters the streamwise velocity fluctuations induced by the

vorticity distortion.

In view of the above, the distortion of the large vortical structures that interact with the porous airfoil leading edge is actually

attenuated by the penetration of flow within the melamine foam. The present hypothesis is supported by the suppression of the

vortex shedding peak that has been observed in the power spectra of the streamwise velocity fluctuations (Fig. 18). Physically,

this dampened distortion leads to a decrease in the time variation of the inertia of the incoming turbulent gusts and therefore

to a less efficient conversion of their vortical energy into sound.

Finally, the fact that the turbulence is characterised by a large length scale compared to the characteristic dimension of the

body implies that the dominant contribution to the incident velocity power spectrum is given by the low-frequency range [18].

This explains why the influence of the porous treatment is visible mostly in this frequency range (Fig. 16(d)), in agreement with

the trends of the integrated acoustic power spectra reported in Fig. 9. The aforementioned link confirms the key role played by

the attenuation of the distortion of the turbulent eddies in the leading-edge noise reduction mechanism.
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5. Conclusion

The present study aims at elucidating the physical mechanisms responsible for the turbulence-interaction noise reduction

due to a porous treatment of a thick airfoil. A NACA-0024 profile has been integrated with melamine foam enclosed within a

permeable exoskeleton in order to perform a comparison with a solid baseline. The two airfoils have been tested in a rod-airfoil

configuration, at a Reynolds number based on the cylindrical rod diameter of Red = 4.1 × 104.

The focus of the analysis has been put on the stagnation region near the leading edge with the purpose of examining the

effect of the porosity on the distortion of the turbulent vortical structures in the interaction with the wing profiles. Specifically,

from the acquisition of the mean wall-pressure distributions on their surface, it has been observed that the porous treatment

leads to a slight reduction of the flow displacement by the airfoil due to the possibility for the incident velocity to penetrate the

inner volume. This phenomenon influences the potential effect of the airfoil and levels out the pressure differences along the

surface. However, the Cp deviation between the two cases seems to be limited by the presence of the exoskeleton that preserves

the integrity of the NACA-0024 profile’s shape.

Furthermore, the flow field along the stagnation streamline has been characterised by means of hot-wire anemometry. The

experiments have been compared with LES and showed that the fluctuating velocity field is significantly affected by the porosity

when the stagnation region is being approached. In particular, the significant increase of the r.m.s. of the upwash velocity

fluctuations experienced by the solid airfoil in the immediate vicinity of the leading edge and predicted by the RDT has not been

observed in the porous case, bringing an attenuation of the TKE in the stagnation region. Besides, the analysis of the turbulent

velocity power spectra along the stagnation streamline and around the leading edge suggests that the melamine foam has

an effect mainly at low frequencies on the large scale structures, with an extent up to about two leading-edge radii from the

stagnation point. In addition, the vortex shedding peak in the power spectrum of the streamwise velocity fluctuations close to

the airfoil surface has been found to be suppressed due to the porous treatment. Therefore, it can be concluded that the flow

penetration through the pores of the melamine foam in the porous airfoil softens the distortion of the largest turbulent eddies by

the presence of the body. This evidence is supported by the results of the acoustic beamforming measurements, which indicate

that the most appreciable noise abatement is achieved in the one-third octave band containing the tonal component at the

shedding frequency, showing a correlation with the attenuation of the turbulent velocity fluctuations.

In summary, the absence of a no-penetration condition on the surface of the porous airfoil reduces the time variation of the

vortices’ inertia, making the distortion less rapid, and eventually leads to a less efficient conversion of vortical energy into sound.

This hypothesis for explaining the role of porosity in the turbulence-interaction noise mitigation has been already formed in the

past, but, to the authors’ knowledge, no experimental evidence of it has ever been provided for a relatively thick airfoil.
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