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Applications of the Multilayer Porous Medium Modeling
Approach for Noise Mitigation

Christopher Teruna1; Leandro Rego2; Francesco Avallone3;
Daniele Ragni4; and Damiano Casalino5

Abstract: Porous materials have been widely investigated as a mean for noise reduction. Numerical simulations can be used to investigate
the physical mechanisms responsible for noise reduction; however, a correct modeling of the porous medium through an equivalent fluid
model is essential to minimize the computational costs. This paper reports a detailed review of a few applications of the equivalent fluid model
based on a three-layer approach, a method that is particularly useful to account for the variation of porous material thickness in aerospace
applications. The multilayer approach has been applied in three relevant aerodynamic noise issues: leading-edge impingement noise,
turbulent boundary-layer trailing-edge noise, and jet installation noise. Comparison with experiments is used to validate the simulation
approach. DOI: 10.1061/(ASCE)AS.1943-5525.0001326. © 2021 American Society of Civil Engineers.

Author keywords: Aerodynamic noise; Porous material; Noise reduction; Numerical simulations; Multilayer model.

Introduction

Aerodynamic noise is often the side product of the interaction be-
tween turbulence and solid bodies. For example, when an airfoil is
immersed in a turbulent flow field, the turbulence-impingement
process at the leading edge (LE) would result in noise radiation.
This mechanism is commonly found in rotorcrafts (blade-vortex
interaction) (Lee and Smith 1991; Wie et al. 2011) as well as in
high-bypass turbofans (fan wake-outlet guide vane interaction)
(Casalino et al. 2018). In the absence of turbulent inflow, turbu-
lence can also be generated inside the boundary layer on an airfoil
at high Reynolds numbers, and when it interacts with the trailing
edge, noise is also scattered. Such turbulent boundary-layer
trailing-edge (TBL-TE) noise is one of the main noise-generation
mechanisms for wind turbine blades (Oerlemans et al. 2009) and
high-lift devices (Brooks and Humphreys 2003). Analogously,
high-lift devices also behave as strong noise radiators when inter-
acting with the near field of jet engine exhaust (Self 2004), which is
referred to as jet installation noise (JIN) (Lawrence et al. 2011).

As regulations surrounding aviation and wind turbine noise be-
come stricter, it is of paramount interest for the industry to develop
noise-mitigation solutions. In general, LE and TE noise generation
can be considered as an acoustic scattering problem due to turbu-
lent structures encountering a sudden change in surface boundary
condition (Amiet 1975, 1976; Howe 1978). It was suggested that a
permeable edge could promote a less abrupt transition instead (Herr
and Dobrzynski 2005). Despite this, LE and TE noise mechanisms
are different in nature; thus, applying permeable treatments can be
expected to produce different noise-mitigation mechanisms. For in-
stance, porous LE application allows for suppressing sound source
intensity by reducing the amplitude of surface pressure fluctuations
during turbulence-impingement events (Lee and Smith 1991). Dif-
ferently, a porous TE reduces the scattering efficiency of the TE
(Cavalieri et al. 2016) and introduces multiple scattering events
such that destructive interference would occur (Kisil and Ayton
2018). The application of permeable materials have also shown
promising capability in different situations, such as for addressing
LE noise (Roger et al. 2013; Zamponi et al. 2020), TBL-TE noise
(Geyer and Sarradj 2014; Rubio Carpio et al. 2017; Teruna et al.
2020), and JIN (Rego et al. 2021).

One of the earliest practical application of permeable treatment
was to mitigate jet-flap interaction noise (Hayden 1973), where it
was found that applying porosity could produce up to 10 dB of noise
reduction. Permeable blades were also used in an attempt to reduce
fan noise emissions (Chanaud et al. 1976). It has been considered
that the properties of the porous materials could be tuned to reach the
highest noise-reduction potential. For this purpose, different types of
porous materials have been investigated, ranging from perforated
structures (Jiang et al. 2018; Rubio Carpio et al. 2020) to more com-
plex geometries such as granulates and metal foams (Roger et al.
2013; Geyer and Sarradj 2019; Rubio Carpio et al. 2017).

It has been shown that the properties of these materials are
strongly related to the noise-reduction level. In general, porous ma-
terials with very high porosity and permeability tend to produce
higher noise-reduction levels (Rubio Carpio et al. 2017), although
this was often accompanied by high-frequency excess noise (Herr
et al. 2014). Increasing the porous edge extent is also found to im-
prove noise attenuation, but this may lead to severe aerodynamic
performance impact (Geyer and Sarradj 2014). Considering the
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presence of such trade-offs, a good understanding of the noise-
reduction mechanisms is necessary in order to better optimize the
different porous material applications.

The working principles of permeable-edge treatment have been
studied using analytical approaches (Cavalieri et al. 2016; Kisil and
Ayton 2018), but these approaches tend to be limited to simplified
configurations, such as a perforate flat plate. More realistic con-
figurations can be addressed using experiments, but to perform
measurements inside and around a permeable LE/TE could be
quite challenging (Ali et al. 2018). As an alternative, high-fidelity
numerical simulations may offer higher data density and spatial res-
olution compared with experiments. However, it might be imprac-
tical to consider the geometrical details of the porous medium,
including those that are smaller than turbulent scales expected in
the inertial subrange, because this could incur heavy computational
costs. A modeling approach that represents the macroparameters of
the material may serve as a viable alternative to reduce the computa-
tional effort and at the same time maintain high fidelity to reality.

Furthermore, it is essential to find a modeling strategy that can
be used in several practical applications, where, for example, the
material geometry may vary (i.e., a change of thickness at the lead-
ing edge or trailing edge). This paper explores several applications
of the porous medium model in a lattice-Boltzmann solver. Firstly,
a validation study is performed by replicating a porous material
characterization test rig. Then, the porous medium model is em-
ployed for different aeroacoustic problems, such as LE, TBL-TE,
and JIN reduction. Simulation results are validated against experi-
mental data, and the benefits provided by the porous materials are
assessed through comparison with the baseline configurations.

The rest of this paper is organized as follows. The numerical
method, which is based on the Lattice-Boltzmann method coupled
with a very large eddy simulation (LBM-VLES) implemented in
the commercial software SIMULIA PowerFLOW version 5.4b,
is reported in the next section. Then, the subsequent section dis-
cusses the procedure of porous material characterization and the
numerical modeling approach. Several examples showing the ap-
plications of the porous medium model are provided afterward, fol-
lowed by a brief summary of present findings.

Flow Solver

The flow field has been computed using the commercial software
SIMULIA PowerFLOW 6-2019, which is based on LBM-VLES.
This method solves the discrete form of the Boltzmann equation by
explicitly tracking the development of particle distribution func-
tions at the mesoscopic scale. The Navier-Stokes equations can be
recovered through the Chapman-Enskog expansion, and fluid prop-
erties such as density, momentum, and internal energy are obtained
through a local integration of the particle distribution (Succi 2001).
The solution of the Boltzmann equation is performed on a Cartesian
mesh (lattice), with an explicit time integration and collision model.

AVLES model accounts for the unresolved scales of turbulence.
A modified two-equations k − ϵ renormalization group (RNG) tur-
bulence model is employed to compute a turbulent relaxation time
that is added to the viscous relaxation time (Yakhot and Orszag
1986). The relaxation time is then used to adapt the Boltzmann
model to the characteristic time scales of a turbulent flow motion.
Hence, the Reynolds stresses are not explicitly derived from to the
governing equations, but they are an implicit consequence of the
chaotic exchange of momentum driven by the turbulent flow, with
characteristic times smaller than the slowly varying turbulent flow.
The Reynolds stresses then have a nonlinear structure and are better
suited to represent turbulence in a state far from equilibrium, as

in the presence of distortion, shear, and rotation (Chen et al. 2004).
A wall model is also adopted to approximate the no-slip boun-
dary conditions, which is based on an extension of the generalized
law-of-the-wall model, taking into account the effect of pressure
gradients (Launder and Spalding 1974).

For the applications in this paper, the far-field noise is computed
through the Ffowcs-Williams and Hawkings (FW-H) analogy
(Ffowcs-Williams and Hawkings 1969), adopting Formulation 1A
from Farassat extended to a convective wave equation (Brès et al.
2010; Farassat and Succi 1980). The formulation is implemented
in the time domain using a source-time-dominant algorithm (Casalino
2003).

Numerical Modeling of Porous Medium

Characterization of Porous Medium

In general, porous media refer to solid materials with embedded
voids (Morreale and Shi 2015). These materials generally have rel-
atively low density compared with that of fully solid materials with
large area-to-volume ratio. Porous media fall in the category of
metamaterials, engineered to promote specific properties depend-
ing on their applications, which may otherwise not be found in
nature (Kshetrimayum 2004). Based on the flow-transport proper-
ties, porous media can be characterized by up to six different param-
eters (Ingham and Pop 1998), although the most common ones are
porosity, permeability (viscous resistivity), and form coefficient (in-
ertial resistivity) (Sarradj and Geyer 2007; Liu et al. 2015; Rubio
Carpio et al. 2017). The porosity of a porous medium ϕ is defined
as follows:

ϕ ¼ 1 − ρp
ρm

ð1Þ

where ρp and ρm = density of the porous medium and that of the
matrix, respectively. The porous medium density can be obtained by
measuring the weight of the porous medium sample for a given vol-
ume (Rubio Carpio et al. 2017). Other methods for obtaining poros-
ity can be found in the literature (Rouquerol et al. 1994).

Permeability K and form coefficient C are parameters that de-
termine the amount of resistance encountered by the flow perme-
ating through the porous medium. These parameters also appear in
the Hazen-Dupuit-Darcy equation (Ingham and Pop 1998), which
describes the pressure loss Δp across a porous medium sample of
thickness t as follows:

Δp
t

¼ μ∞
K

vd þ ρ∞Cv2d

Δp
ρ∞t

¼ RVvd þ RIv2d ð2Þ

where μ∞ and ρ∞ = fluid’s dynamic viscosity and density, respec-
tively; and vd = Darcian velocity, i.e., average flow velocity inside
the porous material.

It can be observed that the equation is a second-order polyno-
mial with respect to the Darcian velocity. The linear term of the
equation refers to the contribution of viscous effects inside the
porous material, and thus the coefficient μ∞=ðρ∞KÞ is also referred
to as the viscous resistivity RV. The quadratic term describes the
form drag (inertial forces) contribution of the porous material ma-
trix, and thus the form coefficient C is also referred to as the inertial
resistivity RI. It is implied that as the velocity inside the porous
medium becomes higher, the inertial resistance becomes more sig-
nificant compared with the viscous one (Ingham and Pop 1998).

© ASCE 04021074-2 J. Aerosp. Eng.
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Following the Hazen-Dupuit-Darcy equation, it is clear that
permeability and form coefficient can be obtained through curve-
fitting of the pressure drop at different Darcian velocities. One such
experiment has been performed in the past (Rubio Carpio et al.
2017) using a test rig as shown in Fig. 1(a). The test rig consists of
a long straight tube, where a mass-flow regulator is installed at the
inlet to control flow velocity inside the tube, and the outlet is ex-
posed to the ambient atmosphere. The cylindrical porous medium
sample is inserted at the middle of the tube. There are also two pres-
sure taps located upstream and downstream of the porous medium
from which the pressure drop value is measured. Rubio Carpio et al.
(2017, 2018) have given further information on the experimental
features and uncertainties.

It was found that the pressure drop curves tend to collapse on
top of each other as the porous medium thickness was increased.
This implies that the permeability and form coefficient of the
porous medium also vary with sample thickness, at least before
a critical thickness is reached. The same phenomenon has been
observed in another investigation on the transport characteristics
of metal foam (Baril et al. 2008). It was also reported that the criti-
cal thickness of the metal foam samples is about 40–50 times the
mean pore diameter.

Baril et al. (2008) argued that the resistivity of a porous material
is influenced by two different aspects: the entrance effect and the
bulk effect. The entrance effect is related to the flow unsteadiness
that occurs near the surface of the porous medium, in a region de-
fined as the entrance length. The bulk effect dominates beyond the
entrance length, where the flow field has become more steady after
adapting to the environment inside the porous medium. Following
this, it can be reasoned that the resistivity due to the bulk effect does
not vary with the material thickness, unlike that caused by the en-
trance effect.

Numerical Modeling of Porous Medium

For investigating the different aeroacoustic applications of porous
media, numerical simulations often provide more flexibility in data
collection in comparison with experimental techniques (Teruna et al.
2020). In general, there are three main approaches for implementing
porous media in simulations: (1) fully resolving the porous medium
structure (Kuwata and Suga 2017), (2) representing the macroscopic
effect of the porous medium in an equivalent fluid region (Ananthan
et al. 2020), and (3) replacing the porous medium with an equivalent

surface-impedance condition (Li et al. 2011). The first approach
could easily become very expensive for porous materials whose
pores are much smaller than the characteristic length of the main
body. On the other hand, the third approach is limited because it only
considers the aerodynamic interaction between the flow and the
porous medium at the surface, and as a result the flow behavior in-
side the porous medium is neglected (Delfs et al. 2014).

Following this, the second approach, also commonly referred to
as the volume-averaging approach, offers a good balance between
the level of accuracy of flow behavior in the porous medium as
well as computational cost. The lattice-Boltzmann solver SIMULIA
PowerFLOW implements a volume-averaging approach based on
the Darcy’s law, which is used in the following investigations. This
subsection hence briefly discusses the implementation of the porous
medium modeling; more details have been given in the literature
(Freed 1998; Sun et al. 2015).

A porous medium can be considered as a fluid region that in-
troduces additional momentum loss, governed by the Darcy’s law.
The momentum loss is caused by a Darcy’s force that can be math-
ematically described as follows:

∇p ¼ −R · u ð3Þ

where ∇p = pressure gradient along the porous medium; u = local
flow velocity; and R = total resistivity, which includes both con-
tributions of viscous and inertial resistivity components (RV and
RI , respectively). R can be expanded as in Eq. (4)

R ¼ RV þ RIu; RV ¼ μ∞
ρ∞K ; RI ¼ C ð4Þ

Using the Chapman-Enskog expansion up to third-order trun-
cation for perfect gas at low Mach number (Chen et al. 1992), it
can be shown that the Navier-Stokes equation can be recovered
from the discrete Boltzmann equation. The resulting Navier-Stokes
equation including the Darcy’s force terms is shown in Eq. (6). In
comparison with the regular Navier-Stokes equation, the regular
viscous term in Eq. (6) has been replaced by the Darcy’s force
terms. This is valid for the porous medium region, but outside of
it, the Darcy’s force term vanishes and is replaced with the regular
viscous term

∂ρ
∂t þ∇ · ðρuÞ ¼ 0 ð5Þ

∂ρu
∂t þ∇ · ðρuuÞ ¼ −∇p − R · u ð6Þ

There are two different porous medium models in PowerFLOW:
acoustic porous medium (APM) and porous medium (PM). Darcy’s
force term is implemented in both models. However the APMmodel
has an additional feature where an interface between the regular
fluid region and the porous media region is created as double-sided
surfaces, similar to a sliding mesh mechanism (Sun et al. 2015). In
addition, the mass-flux conservation at the interface is determined
by the porosity of the porous medium as shown in the following:

jρunj∞ ¼ ϕjρunjPM ð7Þ
where ϕ = material porosity; and subscripts ∞ and PM = regular
fluid region and porous media region, respectively.

Both APM and PM models require both viscous and inertial re-
sistivity values to be known a priori. In many cases, these values are
obtained empirically before being applied into the porous medium
models (Sun et al. 2015). However, surface roughness effects are
not taken into account because the porous medium is modeled as
equivalent uniform and homogeneous fluid region. This aspect in

Porous material

Straight tube

Inlet Outlet

Velocity inlet Pressure outlet

APM

PM

(a)

(b)

Fig. 1. (a) Porous material permeability test rig; and (b) its representa-
tion in the numerical simulation.
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particular has been observed to have relevant contribution toward
excess noise at high frequencies (Rubio Carpio et al. 2018; Geyer
and Sarradj 2014) and in the disparity between experiments and
simulations.

For aerodynamic bodies, it is often necessary to take into ac-
count the variation of permeability and form coefficient with the
local thickness of the porous medium. Although this is not impos-
sible to be ensured, it introduces additional level of complexity
when preparing the simulations. To circumvent this issue, the au-
thors have previously proposed the multilayer porous medium
modeling approach (Teruna et al. 2020). The modeling technique
involves isolating the entrance length of the porous medium as a
separate region because the thickness-dependency of porous
medium properties is due to the influence of the entrance effect.
Such implementation is particularly useful, for instance, for airfoil
with porous edges as shown in Fig. 2.

With a single-layer APM region, the local material resistivity
varies from the solid-porous junction to the actual TE following
the local thickness. With the multilayer approach, a separate APM
layer of constant thickness is defined around the entrance length,
and the rest of the porous medium is represented by the PM region.
Hence, constant resistivity values corresponding to the APM layer
thickness can be applied. The same applies for the PM region even
though its thickness varies along the airfoil chord because it is do-
minated by the bulk resistivity that is independent of the material
thickness.

Verification of the Multilayer Porous Medium Approach

To verify the multilayer approach, the porous material permeability
test rig is simulated as shown in Fig. 1(b). The porous medium is
inserted at the middle of a tube, consisting of three separate layers;
the outer layer is modeled by APM and the inner one with PM. For
the simulation, both APM layers account for 20% of the overall
porous medium thickness, and the rest of the volume is prescribed
as a PM region (i.e., te ¼ 0.1t and tb ¼ 0.8t). The thickness of the
APM layer is specified to encompass the expected entrance length,
and this criterion will be applied in the different applications shown
subsequently. For this verification purpose, the APM layer thickness
has been set to be proportional to the sample thickness to examine
the sensitivity of the numerical solutions with the present approach.

The tube itself is 1.5 m long with a circular cross section of
55 mm in diameter. The pressure drop (Δp) is obtained by sam-
pling pressure time history at locations 50-mm upstream and down-
stream of the porous medium. At the upstream end of the tube, a
velocity inlet is prescribed, whereas at the other end, a static

pressure outlet is applied. The porous material considered in the
present applications is a metal-foam made of NiCrAl alloy manu-
factured by Alantum (Munich, Germany). Two types of metal foam
are considered with different mean cell diameter dc values of 450
and 800 μm, respectively.

To obtain the RV and RI values for the simulation, experiments
are performed beforehand (Rubio Carpio et al. 2017), and the re-
sults are reported in Fig. 3(a). From the plot, it is clear that the metal
foam with the smaller pore size imposes higher resistivity com-
pared with the other. The inlet velocity is specified to be 2.35 and
2.55 m=s for 450- and 800-μmmetal foam samples, respectively, as
in the experiment. Subsequently, the resistivity values in Fig. 3(a)
serve as the input for the simulation, and the resulting pressure drop
values are shown in Fig. 3(b). The figure evidences that the simu-
lations estimate well the pressure drop values.

Based on the results in this section, the porous medium models
and the multilayer approach can be considered reliable for simulat-
ing flow-transport phenomena in a porous material. Nevertheless,
the current applications are focused on the metal foam, which has
isotropic and homogeneous resistivity. Hence, further investiga-
tions are warranted to determine the applicability of the present
modeling approach for more specific types of porous materials.

Applications of Porous Medium Model for
Aeroacoustics Problems

Turbulence Interaction Noise

In this application, simulations of a rod-airfoil configuration are
carried out. This model was previously proposed as a simplified
setup for replicating the effect of quasi-tonal excitation that is typ-
ically found in rotating machinery (Jacob et al. 2005). The simu-
lation setup is shown in Fig. 4, depicting a rod placed upstream of a
NACA 0012 airfoil. The airfoil has a chord length of c ¼ 100 mm,
which is also equal to the streamwise separation between the base
of the rod to the airfoil leading edge; the rod diameter equals to
d ¼ 0.1c ¼ 10 mm. Both the rod and airfoil have an identical span
of 300 mm, and they are mounted on side plates which is installed
at the outlet of a nozzle. The nozzle inlet condition is specified such
that a mean outlet velocity of U∞ ¼ 72 m=s is achieved.

For noise prediction, a permeable FW-H surface has been pre-
scribed to enclose the side plates and rod-airfoil setup, and conse-
quently, installation effects are considered in the simulation. An
acoustic sponge zone has been defined starting at a distance of 10c
from the airfoil leading edge to prevent outward-traveling acoustic

Solid body

APM
PM region

Varying resistivity

APM layer

Constant resistivity

Single-layer approach Multi-layer approach

Decreasing thickness Decreasing thickness

Solid-porous junction

Airfoil main body

Porous medium region

Fig. 2. Comparison between single-layer and multilayer approaches to porous medium modeling.
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waves from being reflected by the domain boundary back into the
near-field region.

A total of four different LE treatments has been considered as
shown in Fig. 4(a): the baseline solid LE (SLE), LE serrations
(WLE), a regular porous LE (PLE), and a partially blocked porous
LE (BLE). Although the serrations have a very different working
principle than the porous LE (Narayanan et al. 2015), they are in-
cluded as an example of state-of-the-art solution for LE noise mit-
igation. Both the serrations and porous treatments modify the first
15% of the airfoil chord. The LE serrations are designed with sinus-
oidal pattern with both the wavelength and the amplitude equal to
0.3c (Teruna et al. 2021), following the optimized parameters pro-
posed in the literature (Narayanan et al. 2015).

The porous LE is modeled using the multilayer porous medium
approach that was introduced in the previous section; a solid core is
added along the chord line of the airfoil with BLE treatment. The
latter is considered to investigate the effect of partially blocking the
direct flow path between the suction and pressure sides of the air-
foil. The porous material chosen for this application is the metal
foam with mean pore size of 0.8 mm, and its properties (viscous
and inertial resistivity) are shown in Fig. 3(a) and reported in
Table 1. APM and PM layers have separate properties.

The validation of far-field noise results are provided in Fig. 5,
where the sound pressure spectra are plotted in Fig. 5(a) and far-
field directivity pattern in Fig. 5(b). In Fig. 5(a), a microphone is
placed at a distance of 1.85 m directly above the airfoil LE, i.e., at
an observation angle of 90° with the 0° reference toward the down-
stream direction. Fig. 5(b) shows the overall sound pressure level
(OSPL) along an arc on the x-y plane with a radius of 1.85 m. Both
sound spectra and far-field directivity pattern from the simulation
are in agreement with other reference data. There are notable dis-
crepancies in between 40°–70° and 280°–310°, which are considered
to be due to the slight difference in open jet shear-layer behavior
between the simulation and the experiment because boundary-layer
development along the nozzle wall is not replicated in the simula-
tion. Nonetheless, this verifies that the current simulation setup is

Side plate

Permeable FW-H surface 

Sponge zone boundary

Nozzle

Rod - airfoil

x

y

z

40
0 

m
m

0.15c
c

APM layer
(1-mm thick)

PM layer

Solid core

(b) (c)

(a)

Fig. 4. (a) Leading-edge configurations that are considered in this study; (b) baseline setup of the rod-airfoil configuration, where the second side
plate is hidden in this view; and (c) nomenclature and details of dimensions of the BLE.

(a) (b)

Fig. 3. (a) Resistivity values for the metal foam sample obtained from the experiment; and (b) comparison of the pressure drop result between the
experiment (Exp.) and simulation (LBM).

Table 1. Porosity (ϕ), viscous (RV ), and inertial (RI) resistivity parameters
applied to the equivalent fluid regions, which replicate the properties of a
metal foam with cell diameter dc ¼ 800 μm

Region ϕ (%) RV (s−1) RI (m−1)
APM 91.65 6,575 2,854
PM — 5,489 2,520
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able to produce reliable aeroacoustics prediction for the rod-airfoil
configuration.

The effects of the LE treatments on the far-field sound character-
istics are illustrated in Fig. 6, where Fig. 6(a) shows the comparison
of sound power level reduction, and Fig. 6(b) shows the directivity

of OSPL. There are two frequency ranges presented in Fig. 6(a): the
first one at StD ¼ ½0.15; 0.25� corresponds to the main tonal peak
region; the second at StD ¼ ½0.25; 0.75� includes the broadband
noise component. It is clear that the WLE configuration shows
the highest noise attenuation with 4.5 and 8.9 dB for the broadband

(a) (b)

Fig. 5. (a) Far-field sound spectra; and (b) OSPL directivity pattern for the baseline (SLE) rod-airfoil configuration.

(c)

(a) (b)

Fig. 6. (a) Overall sound power (OPWL) reduction level; (b) far-field directivity pattern; and (c) airfoil aerodynamic penalty of the rod-airfoil
configuration equipped with different LE treatments.
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and tonal noise component, respectively. Conversely, the PLE shows
negligible attenuation of the tonal noise region, but the broadband
one is reduced by 2 dB. The BLE exhibits the worst noise-reduction
level out of the three LE treatments.

Based on Fig. 6(b), the LE treatments do not appear to alter noise
directivity considering that the dipolelike pattern is still present in all
cases. This implies the main noise-generation mechanism is iden-
tical for all cases, i.e., the lift fluctuations induced by turbulent ed-
dies impinging the LE (Jacob et al. 2005). The aerodynamic impact
of the different LE treatments is presented in Fig. 6(c). Because the
airfoil is symmetric and also installed at a zero angle of attack, only
the drag changes are relevant. The plot clearly shows that the porous
LE incurs a significant drag increase (Teruna et al. 2020) by almost
50%. This can be associated with the rapid increase of the displace-
ment thickness in the boundary layer downstream of the porous LE
due to unsteady flow transpiration at the porous medium surface. On
the other hand, the drag increase due to the LE serrations is rela-
tively minor.

The present attempt of applying porous LE treatment is rather
underwhelming, particularly in comparison with the LE serrations.
However, this can be partly attributed to the fact that the metal foam
material might not be the optimal choice for this purpose. Never-
theless, the results also suggest that it is necessary for the porous LE
to be fully permeable in order to maximize noise-reduction level.
Further investigations into the noise-mitigation mechanisms of
porous LE applications are warranted, which could eventually lead
to potential optimization techniques.

Turbulent Boundary-Layer Trailing-Edge Noise

A set of simulations have been carried out on a NACA 0018 airfoil
equipped with a porous trailing-edge (TE) insert, as shown in Fig. 7.
The simulation setup replicates that of a past experiment (Rubio
Carpio et al. 2018). The airfoil has a chord length of c ¼ 200 mm
and a span of 80 mm; this span is only one-fifth of that in the ex-
periment to reduce computational cost. The last 20% of the airfoil
chord can be replaced with a porous insert that is based on a metal
foam whose properties are reported in Table 1. The airfoil is in-
stalled at zero angle of attack and subject to a free-stream velocity
of 20 m=s (Rec ¼ 263,000). Free-stream turbulence intensity is set
to 0.1 % following the reference value from past experimental work
(Merino-Martínez et al. 2020). An acoustic sponge region has been
specified to mitigate unwanted sound reflection at the domain
boundaries, starting from a radius of 36c away from the origin,
which is located at the TE midspan (i.e., the airfoil LE is located
at x=c ¼ −1).

Two types of porous inserts are considered for this study, a fully
permeable one (APM TE) and another with solid partition added
along the chord line (NP TE). The NP TE is considered to study the
effect of blocking direct flow path between the suction and pressure
side of the airfoil. The internal arrangement of the porous medium
model is also shown in Fig. 7 where an APM layer of a constant
1-mm thickness is applied on top of the PM layer; the solid partition
is added inside the porous medium region for the NP TE configu-
ration. Thus, the entrance length of the porous medium is fully con-
tained within the APM layer. As indicated in the previous section,
the multilayer modeling approach allows for applying constant re-
sistivity values in either APM or PM layers in spite of the variation
in local thickness of the porous insert. The voxel distribution sur-
rounding the airfoil and the TE region is shown in Fig. 8.

Far-field noise is computed using the FW-H analogy based on
surface pressure fluctuations, and the results are shown in Fig. 9.
The observer is located directly above the TE location (y=c ¼ 5).
Fig. 9(a) compares the noise intensity produced by the different
TE types. The APM TE is shown to produce substantial noise re-
duction (up to 10 dB), particularly at low frequencies. The noise-
reduction level decreases gradually at the midfrequency range until
it is nearly gone at higher frequencies. On the other hand, the NP
TE shows very similar spectral characteristics as the solid (SLD)
TE, and thus no noise reduction could be observed.

The same phenomena are illustrated in Fig. 9(b), where the
noise-reduction level obtained from the simulation is compared
with that from the experiment. Good agreement can be found at
low-frequency to midfrequency range (4 < Stc < 12), and the slight
discrepancy might have been caused by artefact in the porous
medium model where the local APM layer thickness becomes
smaller than the entrance length (e.g., near the last 1% of the airfoil
chord). Nevertheless, the simulation results underpredict the high-
frequency excess noise, which can be attributed to the fact that sur-
face roughness effect has been neglected due to the porous medium
model (Teruna et al. 2020). The present results clearly show that
the noise-mitigation mechanism of the porous insert is linked to the
flow interaction between both sides of the TE across the porous
medium (Rubio Carpio et al. 2019).

The aerodynamic impact of the metal foam TE is relatively mi-
nor as shown in Fig. 10. The pressure distribution on the airfoil
upstream of the solid-porous junction remains unaffected by the
porous TE. A similar finding has been found in the experiment by
Rubio Carpio et al. (2017). On the porous medium itself, the pres-
sure coefficient is slightly lower than on the solid surface, which is
attributed to the flow transpiration at the porous medium interface.

0.8c = 16 cm 0.2c = 4 cm

y

x

0.4c = 8 cm

Porous trailing edge

APM layer (1-mm thick)

PM layer

Solid layer

PM layer

Solid-porous junction

(a) (b) (c)

Fig. 7. NACA 0018 with three different TE configurations. A lateral view of the NP TE is also shown. An inset shows the internal arrangement of
the NP TE.
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The metal foam TE impact on the airfoil drag has been reported
more recently (Teruna et al. 2020). The fully permeable TE was
found to increase drag by almost 11% compared with its solid
counterpart. Interestingly, the drag increase caused by the partially
blocked porous TE is smaller at 6%, which suggests that the drag
increase is influenced by the TE permeability, in agreement with
other findings in the literature (Sarradj and Geyer 2007; Geyer and
Sarradj 2014).

Jet Installation Noise

For jet installation noise reduction, the porous medium model is
applied in the trailing-edge region of a surface in the vicinity of a
subsonic jet at ambient temperature. The jet is generated by a single-
stream nozzle (SMC000), with an exit diameterDj ¼ 50.8 mm, and
the installation effects are accounted by positioning a flat plate
of length L ¼ 6Dj and height h ¼ 1.5Dj (Rego et al. 2020)
(Fig. 11). The length is defined as the distance between the nozzle

Solid TE Porous TE Blocked porous TE

(a) (b) (c)

Fig. 8. Grid configuration for the NACA 0018 case with different TE configurations.

Fig. 9. (a) Comparison of far-field noise spectra among the different TE types; and (b) noise-reduction level of the APM and NP TE relative to SLD
TE. Experimental results are abbreviated as Exp.

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
-1.0

-0.5

0.0

0.5

1.0

C
p

x/c

XFOIL
SLD TE
APM TE
NP TE-0.25 -0.20 -0.15

-0.10

-0.05

0.00

Fig. 10. Mean surface pressure distribution on the NACA 0018 with
solid and porous trailing-edge configuration. The values near the trip-
ping device (x=c ¼ −0.8) are replaced with interpolated ones. The in-
sets show the regions marked with the solid rectangles. XFOIL data
were taken from Rubio Carpio et al. (2017).
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exit plane and the plate trailing edge, whereas the height is defined
with respect to the jet centerline, as shown in Fig. 12(b).

The porous mediummodel is applied on the surface with a length
Lp ¼ 3Dj, upstream of the trailing edge, and with the same thick-
ness as the original solid plate (t ¼ 10 mm). Similarly as performed
for the previous applications, the equivalent fluid region consists of
thePM-APM combination. The APM is defined with 10% of the
plate thickness on both upper and lower sides, and the remaining
region is set with the PM condition, as shown in Fig. 12(b). For
both regions, the inertial and viscous resistivities are set based on
their respective thickness, as reported in Table 1. The resistivity is
the same in all three directions.

In order to verify the validity of the model for a jet installation
noise application, the results from the numerical simulations are
compared with experimental data by Rego et al. (2021) in terms
of SPL spectra versus Strouhal number (St ¼ f ×Dj=Uj). The
data are obtained for a fine-resolution computational grid (Rego
et al. 2020). The spectra are obtained for a jet with acoustic Mach
number Ma ¼ 0.5, an observer distance of 100Dj, and polar angle
θ ¼ 90° (y-direction, normal to the jet axis) on the reflected side

(negative y) of the plate for a constant-frequency band of 100 Hz.
The frequency band of the experimental data has been changed to
100 Hz for a proper comparison with the computational results. A
good agreement is obtained between the curves, with a maximum
deviation of 1.5 dB between them. Therefore, the porous medium
model of the metal foam, along with the prescribed resistivity in-
puts, is also applicable for a jet installation noise case.

In Fig. 13, the spectrum for the installed jet with a porous trail-
ing edge is also compared with that of a numerical simulation of the
baseline solid case in order to quantify the noise reduction provided
by this solution. Spectra are again obtained for Ma ¼ 0.5 and
θ ¼ 90°. The isolated jet spectrum, obtained from a simulation
of the nozzle without the plate, is also included as a reference.
The isolated and installed (with solid TE) jet computational setups
have already been validated through comparisons with experimen-
tal data (Rego et al. 2020). The results, obtained from a medium-
resolution grid (Rego et al. 2020), show a significant noise reduc-
tion with respect to the reference solid case, particularly for
St < 0.4, where installation effects are dominant. At the peak of
the solid TE curve (St ¼ 0.12), a reduction of 12 dB is obtained
with the porous case. Therefore, it is concluded that the trailing-
edge source becomes less dominant with respect to the noise pro-
duced by turbulence mixing in the jet. This is due to a better pres-
sure balance between the upper and lower sides of the plate, thus
reducing the noise due to scattering. Moreover, for St > 0.4, the
porous TE also reduces noise due to reflection of acoustic waves
on the surface.

Conclusions

An approach to simulate porous material using an equivalent fluid
model based on the Darcy’s law has been proposed. It is based on a
three-layer approach to account for the dependence of the porous
material properties with sample thickness, which separates the bulk
effect from the entrance effect; the latter becomes increasingly rel-
evant for porous material of small thicknesses. The three-layer ap-
proach has been shown to accurately reproduce the pressure-drop
test rig that is used to characterize porous materials. Subsequently,
this paper has provided a brief review of different applications of
the porous medium models. In particular, the properties of a metal
foam have been considered in simulations that address turbulence-
impingement noise, turbulent boundary-layer trailing-edge noise,
and jet installation noise. In all three cases, metal foam applications
have been shown to possess promising noise-reduction capability.

(a)

(b)

Fig. 11. (a) Installed jet setup, comprised of a single stream nozzle and
a flat plate with length L ¼ 6Dj and height h ¼ 1.5Dj, where the por-
ous region of the plate has a length Lp ¼ 3Dj upstream of the trailing
edge; and (b) porous medium model comprised by PM and APM
regions, with the latter represented by 80% of the plate thickness t.

Fig. 12. SPL spectra of an installed jet with a porous trailing edge
obtained from numerical simulations compared with experimental
results (Rego et al. 2021). Spectra obtained for Ma ¼ 0.5 jet and an
observer at a position θ ¼ 90°.

Fig. 13. SPL spectra of the installed jet with solid and porous trailing
edges. The isolated jet spectrum is included as reference. Spectra
obtained for Ma ¼ 0.5 jet and an observer at a position θ ¼ 90°.
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Nevertheless, discrepancies between simulation results and those
of experiments are still present in the high-frequency range due to
the neglected surface roughness effects, although the general acous-
tic trends are still captured. In addition, further study on the appli-
cability of the porous medium models for other types of materials
is warranted to identify the limitations of the current approach. It
would also be interesting to consider thin permeable materials
(e.g., kevlar sheets) which are fully dominated by the entrance
effect.
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