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A B S T R A C T

This paper investigates the mechanisms by which flow-permeable materials provide noise
reduction in an installed jet configuration. Numerical simulations are carried out with a flat
plate placed in the near field of a single-stream subsonic jet (𝑀𝑎 = 0.3 and 𝑀𝑎 = 0.5).
The trailing-edge region of the plate is replaced by three different permeable structures, with
different properties: a metal foam, a perforated plate and a diamond-shaped structure. Due to its
complex geometry, the metal foam is modeled with an equivalent region governed by Darcy’s
law. The perforated plate has the highest resistivity among all investigated configurations,
whereas the metal foam and diamond inserts have similar properties. Far-field spectra show
significant noise reduction when the solid trailing edge is replaced with the permeable materials,
with a maximum decrease of 12 dB at 𝑆𝑡 = 0.12, for 𝑀𝑎 = 0.5. Beamforming results show that
the dominant acoustic source is located at the solid–permeable junction for the metal foam
and diamond structures, whereas the perforated one has the source positioned near the trailing
edge, similarly to the solid case. A breakdown of the far-field noise generated by the plate is
also performed, where the contributions from the solid and permeable sections are computed
separately. The former has distinct regions in the noise spectrum, which are dominated either
by surface pressure fluctuations or trailing-edge scattering. However, for the permeable region,
the results point to a significant mitigation of the noise due to scattering, which is no longer the
dominant mechanism in any frequency range. This is confirmed by lower values of spanwise
coherence, computed from the surface pressure, for the permeable trailing edge, compared to
the solid case. Therefore, the clear dominant mechanism in the permeable region of the plate
is the unsteady loading to pressure wave impingement. This is verified for all investigated
configurations so that even with a low permeability structure, significant noise reduction can
still be achieved.

. Introduction

Aircraft noise levels have been significantly reduced with the introduction of high-bypass ratio turbofan engines, particularly the
oise generated by turbulent mixing between the exhaust flow and ambient air [1]. Turbulence-mixing noise has a strong dependence
n the jet flow speed (∝ 𝑈8

𝑗 ) [2], and thus, it can be substantially mitigated by increasing the bypass ratio. This, however, leads
o larger engines and an increased proximity to the airframe lifting surfaces. The interaction between the engine exhaust flow and
nearby surface generates an acoustic source known as Jet-Installation Noise (JIN) [3,4]. This source is generated by convecting

ydrodynamic pressure waves in the mixing layer impinging on the surface; the resultant unsteady surface pressure translates into

∗ Corresponding author.
E-mail address: l.rego@tudelft.nl (L. Rego).
vailable online 9 November 2021
022-460X/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

http://creativecommons.org/licenses/by/4.0/).

ttps://doi.org/10.1016/j.jsv.2021.116582
eceived 9 March 2021; Received in revised form 7 July 2021; Accepted 22 October 2021

http://www.elsevier.com/locate/jsvi
http://www.elsevier.com/locate/jsvi
mailto:l.rego@tudelft.nl
https://doi.org/10.1016/j.jsv.2021.116582
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsv.2021.116582&domain=pdf
https://doi.org/10.1016/j.jsv.2021.116582
http://creativecommons.org/licenses/by/4.0/


Journal of Sound and Vibration 520 (2022) 116582L. Rego et al.

a
r
C
4
a

t
t
p
d
t
f
t
a

o
(
a
m
r
s
d

noise in the far field, equivalent to a distribution of acoustic dipoles with intensity proportional to 𝑈6
𝑗 [5]. Moreover, due to the

geometric discontinuity at the surface trailing edge, those hydrodynamic fluctuations are also scattered as noise to the far field
with a cardioid directivity pattern and intensity proportional to 𝑈5

𝑗 [6,7]. This phenomenon is responsible for noise increase at low
nd mid frequencies, particularly in the directions normal and upstream of the jet axis [8,9]. Installation effects also account for
eflection of acoustic waves from the jet itself on the surface [10] and acoustic shielding on the opposite side of the surface [11].
omputational results of aircraft acoustic footprint have shown that installation effects are responsible for penalties of approximately
EPNdB at full aircraft level [12]. Therefore, the development of noise reduction solutions for this particular source is of interest,

s well as understanding the phenomena behind the sound mitigation.
A solution for JIN reduction is the application of flow-permeable materials on the scattering surface. Rego et al. [13] show

hrough acoustic measurements that noise reductions on the order of 9 dB are achieved by replacing the solid trailing edge of
he surface with a permeable structure. In the experiments, two permeable configurations are investigated: a metal foam and a
erforated plate. In terms of noise mitigation, the former performs better, particularly in the frequency range where JIN is the
ominant source, likely due to a better pressure balance between the upper and lower sides of the plate [13]. It is believed that
he junction between solid and porous regions of the plate becomes a new scattering location and the dominant source for certain
requencies [13], but this hypothesis has not been confirmed yet. Moreover, those results could not determine with certainty how
he noise due to surface pressure fluctuations and trailing-edge scattering are affected separately by the flow-permeable materials,
s well as which properties of the permeable materials are the most relevant for noise reduction.

One of the properties by which permeable materials provide noise reduction is the flow communication between the two sides
f the surface. This condition has been shown to be important for flap side-edge [14] and turbulent boundary-layer trailing-edge
TBL-TE) noise reduction [15], as it allows an improvement of the pressure balance around the surface. The flow communication
nd consequent pressure balance are dependent on parameters such as porosity and resistivity. Through airfoil TBL-TE noise
easurements, Sarradj and Geyer [16] have shown that these parameters affect the frequency range and amplitude of noise

eduction, as well as the aerodynamic characteristics of the airfoil, resulting in lift reduction and drag increase. An analytical
tudy by Jaworski and Peake [17] on the scattering mechanism of a surface with a permeable trailing edge has shown that the
ependence of the noise levels with flow velocity changes from 𝑈5 for the solid case to 𝑈6 for the permeable one. This result

indicates that the scattering mechanism becomes weaker with a permeable surface. In terms of material micro-structure, Rubio-
Carpio et al. [18] has studied TBL-TE noise reduction by replacing a section of the trailing edge (last 20% of the chord) with
porous inserts manufactured out of metallic foams. Acoustic beamforming results show noise reduction at low and mid frequencies,
on the order of 10 dB with respect to the solid airfoil [18]. Moreover the dominant source location has shifted from the original
trailing-edge position to the solid–permeable junction, which becomes the dominant acoustic scattering region [18]. Although well
characterized for those applications, it is not yet clear how the properties of the permeable materials affect the near-field unsteady
flow around the plate in an installed jet configuration, and the associated JIN generation mechanisms, i.e. noise due to pressure
wave impingement and trailing-edge scattering.

Therefore, this work investigates the flow field and acoustic characteristics of an installed jet configuration of a surface with a
permeable trailing edge. The pressure field on the plate and the unsteady flow rate through the permeable material allow for an
assessment of its properties, such as resistivity, on the final noise signature. These results, combined with an analysis of acoustic
directivity and source localization through beamforming, also provide information on how each of the noise mechanisms are affected
by the permeable structures, as well as the effect of the solid–porous junction in the plate. This study is carried out via numerical
simulations, using a lattice-Boltzmann solver coupled with a Very Large Eddy Simulation model (LBM-VLES). This method has
been chosen since it can resolve the flow field with a relatively low computational cost, still showing very good agreement with
experimental data [9]. The installed jet configuration investigated in this paper replicates the one from Rego et al. [13], and the
experimental results from that reference are used for validation of the installed jet set-up with flow-permeable trailing edges.

This paper is organized as follows. In Section 2, the flow simulation model is discussed, with a brief description of the LBM-VLES.
In Section 3, the studied cases and the computational set-up are described, along with the characteristics of the investigated flow-
permeable structures. In Section 4, the results are discussed, focusing on the physical effects of flow-permeable trailing edges on JIN
reduction, based on far- and near-field results. Finally, the most important findings of this work are summarized in the conclusions.

2. Flow solver

The Lattice-Boltzmann Method (LBM) solves the discrete form of the Boltzmann equation by using particle distribution functions
to simulate the macroscopic flow properties. Through local integration of these particle distribution functions, the flow density,
momentum and internal energy are obtained [19]. The solution of the Boltzmann equation is performed on a Cartesian mesh (lattice),
with an explicit time integration and collision model:

𝑓𝑖(𝒙 + 𝒄𝑖𝛥𝑡, 𝑡 + 𝛥𝑡) − 𝑓𝑖(𝒙, 𝑡) = 𝐶𝑖(𝒙, 𝑡), (1)

with 𝑓𝑖 representing the particle distribution function along the 𝑖th lattice direction. The particle motion is statistically described
at a position 𝒙 with a discrete velocity 𝒄𝑖, in the 𝑖-direction at the time 𝑡. The space and time increments are represented by 𝒄𝑖𝛥𝑡
and 𝛥𝑡, respectively. For the collision term 𝐶𝑖(𝑥, 𝑡), the employed formulation is based on a Galilean invariant for thermal flows of
non-unitary Prandtl number [20]. The adopted equilibrium distribution function 𝑓 eq

𝑖 consists in small velocity expansions of the
Maxwell–Boltzmann distribution [21]. The distribution functions are projected on a basis of Hermite orthogonal polynomials in
2

velocity space. This is performed because the expansion coefficients are exactly the velocity moments of the distribution function,
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including the macroscopic flow variables such as density and velocity [22]. Due to orthogonality, the series can be truncated at
an order 3, in order for the pressure tensor and the momentum dynamics to be accurate at the Navier–Stokes level (second order
moments), or 4th order to include modeling of internal energy and heat flux, without altering the low order coefficients and flow
quantities. The moments are computed over a discrete set of particle velocities, using Gaussian quadrature formulas for different
lattices [20]. For this work, a 19-state lattice (subdivided into 19 nodes), known as D3Q19, is adopted.

Given the high Reynolds number of the jet flow, a Very Large Eddy Simulation (VLES) model accounts for the unresolved scales
f turbulence. In a Navier–Stokes formulation, for example in a Large Eddy Simulation (LES), the large scales of turbulence are
escribed with the inclusion of an eddy viscosity term, whereas for LBM a turbulent relaxation time is defined with a term depending
n the turbulent kinetic energy, dissipation rate and the local velocity gradient. A modified two-equations 𝑘 − 𝜖 Renormalization
roup (RNG) turbulence model is employed to compute this turbulent relaxation time, which is added to the viscous relaxation

ime [23]:

𝜏eff = 𝜏 + 𝐶𝜇
𝑘2∕𝜖

(1 + 𝜂2)1∕2
, (2)

where 𝐶𝜇 = 0.09, and 𝜂 is a combination of the local strain, local vorticity and local helicity parameters [24]. The term 𝜂 allows
for the mitigation of the sub-grid scale viscosity, so that the resolved large-scale structures are not numerically damped. This model
is not equivalent to solving the 𝑘 − 𝜖 RANS equations, so there is not an explicit modification of the eddy viscosity, but rather
a modification of the relaxation process leading to a different eddy viscosity [25]. Hence, the Reynolds stresses are not solved
simultaneously with the flow governing equations, but they are a consequence of the particle movement and collision, and thus
part of the solution. The Reynolds stresses have then a non-linear structure and are better suited to represent turbulence in a state
far from equilibrium, as in the presence of distortion, shear, and rotation [25] and, similarly as the macroscopic flow properties,
they can be recovered through the computation of the moment around the particle distribution function. The no-slip wall boundary
conditions are modeled with a ‘‘bounce-back’’ mapping of the particle velocities, for which both normal and tangential components
are inverted after collision with the surface [26]. A wall function, based on an extension of the generalized law-of-the-wall model,
taking into account the effect of pressure gradients [27], is used to model a boundary layer on a solid surface. A more detailed
description of the applied formulation can be found in Ref. [28].

The main advantage of using a LBM solver in this study, with respect to a Navier–Stokes formulation, is its inherent low
dissipative and dispersive characteristic, which is necessary for the accurate prediction of acoustic perturbations that are usually
orders of magnitude lower than the characteristic pressure of a flow [29,30]. An accurate prediction of acoustic wave propagation
from source to the far field usually requires high order numerical schemes, however this can be achieved effectively with LBM, which
is a second order scheme and less dissipative [30]. Moreover, the adopted process wherein the particle collision occurs locally allows
for an easy parallelization of the computation, thus reducing the computational time and cost [29].

The far-field noise is estimated through the Ffowcs-Williams and Hawkings (FWH) analogy [31], adopting the formulation 1 A
from Farassat extended to a convective wave equation [32,33]. This approach is implemented in the time domain using a source-
time dominant algorithm [34]. In addition, a frequency-domain formulation of the FWH analogy is also performed. This method
is based on the one proposed by Lockard [35], extended to a three-dimensional flow field. It is theoretically consistent with the
time-domain approach, but Fourier transforms are realized on the FWH source terms before propagation to the far-field [36]. This
frequency-domain approach is applied for the computation of a cross-spectral matrix of microphones mounted in a phased array.
This matrix is subsequently used in beamforming calculations for acoustic source localization.

A permeable surface is defined to include all the relevant noise sources in the jet and on the plate [9]. Pressure and velocity
fluctuations recorded on this surface are used for far-field noise estimation. A more detailed description of the FWH surface is
reported in Section 3. In addition, the FWH analogy is applied using the surface pressure fluctuations on the flat plate as input. The
resulting sound field is, therefore, only related to the noise mechanisms on the plate (dipole sources) since it does not include the
fluctuations generated by the quadrupole sources in the jet.

The methodology described above is implemented in the commercial software Simulia PowerFLOW 6-2019. This software has
been also used and validated for aero-engine aeroacoustic applications to predict fan broadband noise in subsonic [37,38] and
transonic conditions [39]. A validation study for the isolated SMC000 jet has been accomplished by van der Velden et al. [36],
showing a very good agreement with experimental results. For an installed jet, computations have been performed by Rego et al. [9].
The results, in terms of far-field noise spectra, also have shown a good agreement with experimental data, indicating the capability
of the solver to accurately predict JIN.

3. Computational set-up

3.1. Installed jet configuration and flow conditions

The baseline configuration studied in this work replicates the installed jet model from the work of Rego et al. [13], where a solid
flat plate is placed in the vicinity of a single-stream jet nozzle (SMC000). The SMC000 is a round, convergent nozzle with an exit
diameter 𝐷𝑗 = 50.8 mm, used for studies on subsonic jets [4]. The primary convergent nozzle has a 152 mm diameter inlet, followed
by a contraction with a 5◦ taper angle up to the exit plane. The main geometric configuration investigated in the experiments of
Rego et al. [13] is chosen for the simulations of both solid and permeable trailing edges, as shown in Fig. 1. The plate length, which
corresponds to the distance between the nozzle exit plane and the trailing edge, is defined as 𝐿 = 6𝐷 . This value has been chosen in
3
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Fig. 1. Installed jet configuration with a flat plate length 𝐿 = 6𝐷𝑗 and radial position ℎ = 1.5𝐷𝑗 . A permeable FWH surface encompasses the jet and the flat
late. Caps are placed at the downstream end of the surface, and cut-outs are placed in the regions of the plate and nozzle.

Table 1
Jet flow conditions in terms of acoustic Mach number (𝑀𝑎), nozzle pressure ratio
(NPR), temperature ratio (𝑇𝑅) and Reynolds number (𝑅𝑒).
Condition 𝑀𝑎 [-] NPR [-] 𝑇𝑅 [-] 𝑅𝑒 [105]

1 0.3 1.067 0.98 3.58
2 0.5 1.196 0.95 5.96

order to emphasize the contribution of JIN to the overall noise generation and ensure that the plate would be the dominant source.
Moreover, this geometry allows for a longer permeable section of the plate and consequently a more meaningful study on the flow
and noise mechanisms in that region can be carried out. The radial position of the surface with respect to the jet centerline is set
as ℎ = 1.5𝐷𝑗 . Previous work [9] has also shown that there is no grazing flow on the surface for this configuration. The plate has a
hickness 𝑡 = 10 mm and it has a chamfer angle of 40◦ at the trailing edge. It also extends 3𝐷𝑗 upstream of the nozzle exit plane
o avoid scattering effects at the leading edge and properly account for noise shielding at shallow upstream angles. In the spanwise
irection, the plate has a width of 36𝐷𝑗 to avoid side-edge scattering.

Two flow conditions, characterized by subsonic jets with acoustic Mach number (𝑀𝑎 = 𝑈𝑗∕𝑐∞) 𝑀𝑎 = 0.3 and 𝑀𝑎 = 0.5, are
simulated. The jet flow characteristics are included in Table 1, such as the Nozzle Pressure Ratio (NPR), the temperature ratio 𝑇𝑅
(ratio between the jet and ambient static temperatures), and the Reynolds number 𝑅𝑒, based on the nozzle exit diameter. Static
flow parameters 𝑝amb = 101325 Pa and 𝑇amb = 288.15 K are chosen for the computations. Due to similarities between trends for the
two jet conditions, the results for the remainder of this work are plotted for the 𝑀𝑎 = 0.5 jet, unless otherwise stated.

3.2. Flow-permeable materials

Different flow-permeable materials are investigated in this work, with distinct micro-structures and properties, in order to assess
the effects of geometry and porosity/resistivity in the noise production. The first permeable trailing edge is represented by a
porous media model, which simulates the characteristics of an open-cell metal foam. This foam is characterized by a homogeneous
NiCrAl micro-structure with a three-dimensional dodecahedron-shaped cell [40]. This strategy is used due to the high geometrical
complexity of the micro-structure, and it has been also adopted by Teruna et al. [41] for airfoil TBL-TE noise studies. This porous
media model consists of equivalent fluid regions governed by Darcy’s law, which states that the flow pressure gradient ∇𝑝 through
a permeable material is proportional to the local flow velocity 𝒖𝒇 , as given by Eq. (3) [42]:

∇𝑝 = −𝜌𝑹 ⋅ 𝒖𝒇 , (3)

where 𝜌 is the fluid density, 𝑹 is the overall material resistivity, which is comprised of the inertial (𝑹𝑰 ) and viscous (𝑹𝑽 ) resistivity
components [43], given by:

𝑹 = 𝑹𝑽 +𝑹𝑰𝒖𝒇 , (4)

𝑹𝑽 =
𝜇
𝜌𝑲

, 𝑹𝑰 = 𝑪 , (5)

where 𝜇 is the fluid dynamic viscosity, 𝑲 is the permeability and 𝑪 is the form coefficient of the permeable structure. The interface
between this equivalent fluid region and the rest of the domain consists in double-sided surfaces similar to a sliding mesh [44].
Moreover, the mass flux at the interface is conserved by making use of the material porosity 𝜎. The porosity is defined as the ratio
between the volumetric densities of the flow-permeable material 𝜌𝑝 and the original solid structure 𝜌𝑠, as shown in Eq. (6):

𝜎 = 1 −
𝜌𝑝
𝜌𝑠

. (6)

To implement the model in the computational set-up, the same strategy adopted by Teruna et al. [41] is applied. The trailing
dge is divided into two regions: the PM (porous medium) and the APM (acoustic porous medium). Both regions are governed by
4

arcy’s law, but the latter also takes into account the acoustic absorption of the material [41]. The trailing edge is then replaced by
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Fig. 2. Flow-permeable trailing edge with length 𝐿𝑝 = 3𝐷𝑗 . The metal foam trailing edge is modeled with an equivalent Darcy fluid region, comprised by a
Porous Medium (PM — inner layer) and an Acoustic Porous Medium (APM — outer layer), which considers the material porosity.

Table 2
Porosity (𝜎), inertial (𝑹𝑰 ) and viscous (𝑹𝑽 ) resistivity parameters applied to the
equivalent fluid regions, which replicate the properties of a metal foam with cell
diameter 𝑑𝑐 = 800 μm.
Region 𝜎 [%] 𝑅𝐼 [m−1] 𝑅𝑉 [s−1]

APM 91.7 2854 6575
PM – 2520 5489

Fig. 3. (a) Perforated trailing edge with cylindrical holes. (b) Hole dimensions of the perforated structure. Dimensions in mm.

a PM–APM combination, as shown in Fig. 2. The APM, which includes porosity effects, is placed as an outer layer with thickness
𝑡APM = 1 mm on both upper and lower sides, whereas the inner layer is set with PM conditions (𝑡PM = 8 mm). For both regions, the
inertial and viscous resistivities are set based on the respective thickness [41], as reported in Table 2. These properties replicate a
metal foam structure with cell diameter 𝑑𝑐 = 800 μm, equivalent to that investigated by Rego et al. [13]. The resistivities are set the
same in all three directions due to the isotropic characteristics of the metal foam.

The second type of flow-permeable structure investigated is a perforated trailing edge, with cylindrical holes normal to the jet
axis, connecting the upper and lower sides of the plate, as shown in Fig. 3(a). A configuration with hole diameter 𝑑ℎ = 800 μm is
assessed, as shown in Fig. 3(b), which has been also investigated for JIN reduction by Rego et al. [13].

Finally, a trailing edge with a diamond-shaped micro-structure, based on a tessellation of the cubic cell shown in Fig. 4(a), is
also investigated. This cubic cell is built from cylinders with diameter 𝑑𝑑 = 1 mm, merged at a 120◦ angle. The purpose of this
geometry is to replicate the benefits provided by a metal foam trailing edge, but with a simpler and modular micro-structure, with
a clearly defined and repeatable geometry. The final trailing-edge geometry is shown in Fig. 4(b). This configuration also allows
for permeability in the axial direction of the jet, as opposed to the perforated trailing edge, for which there is flow only in the
radial direction. For the perforated and diamond cases, the actual trailing-edge geometry is simulated, and no porous media model
is applied.

The properties of the flow-permeable materials are reported in Table 3, in terms of porosity 𝜎, inertial and viscous resistivity
coefficients (𝑹𝑰 and 𝑹𝑽 , respectively), and the permeability 𝑲. The original metal foam parameters [18] are included for
comparison.

For all configurations, the flow-permeable region of the plate has a length 𝐿𝑝 = 3𝐷𝑗 and span 𝑏𝑝 = 6𝐷𝑗 , centered at the jet
symmetry plane, represented by the blue region in Fig. 5. In the measurements performed by Rego et al. [13], the span of the
flow-permeable materials was originally 10𝐷𝑗 . However, it has been verified that shortening this region to 6𝐷𝑗 does not change the
far-field noise, but highly reduces the computational cost. The area shown in green represents the solid region of the plate where
data are sampled (sampling on both upper and lower sides of the surface).
5
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Fig. 4. (a) Diamond-shaped cubic structure created by the intersection of cylinders with a 1 mm diameter at an angle of 120◦. (b) Flow-permeable trailing edge
with the diamond structure. Dimensions in mm.

Table 3
Properties of the flow-permeable materials in terms of porosity (𝜎), inertial (𝑹𝑰 )
and viscous (𝑹𝑽 ) resistivity, and permeability (𝑲).
Material 𝜎 [%] 𝑅𝐼 [m−1] 𝑅𝑉 [s−1] 𝐾 [× 10−9 m2]

Metal foam 91.7 2612 5390 2.71
Perforated 12.6 7283 9245 1.58
Diamond 61.6 4060 802 18.2

Fig. 5. Dimensions of the flat plate with flow-permeable trailing edge (blue region). The area shown in green represents the solid region of the plate where
data is sampled. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.3. Set-up components and simulation parameters

The computational set-up consists in a nozzle and flat plate placed in an almost quiescent domain (free-stream speed equal to
1% of the jet exit velocity) [9]. To generate the jet flow, an inlet boundary condition is placed 8𝐷𝑗 upstream of the nozzle exit
plane (Fig. 1). The physical parameters used as boundary conditions are taken from experimental data (Table 1). A zig-zag trip,
with a thickness of 1 mm (0.02𝐷𝑗) and spacing of 1.62 mm (0.03𝐷𝑗), is added inside the nozzle, 1.5𝐷𝑗 upstream of the exit plane,
to force a fully turbulent boundary layer. This set-up has been previously validated for isolated [36] and installed [9] jet analyzes.

The main components of the setup are shown in Fig. 1. A permeable Ffowcs Williams–Hawkings (FWH) surface, represented
by dashed lines, is used for the far-field noise computations. This surface extends 22𝐷𝑗 downstream of the nozzle exit plane and
it has a width of 10𝐷𝑗 . Cutouts are placed at the nozzle and flat plate regions to avoid spurious effects due to hydrodynamic
pressure fluctuations occurring on the FWH. Additional sources caused by the jet crossing the downstream end of the FWH are
also mitigated by placing 7 outflow surfaces (or end-caps) (Fig. 1). The far-field pressure signals obtained from each cap (located
at different streamwise positions) are averaged, so that the spurious noise produced by the eddies crossing the permeable surface
can be removed from the final far-field spectra [45]. Acoustic signals are also obtained from the solid FWH formulation applied to
pressure fluctuations on the plate. The sampled region consists in a span of 10𝐷𝑗 (similarly as the permeable FWH width), centered
at the jet symmetry plane, and the whole plate chord. For the cases with permeable trailing edges, the far-field contributions of the
solid and porous sections of the plate can be evaluated separately.

Acoustic sponges (regions of increased viscosity) are added to the set-up in order to prevent wave reflection inside the nozzle
and at the boundaries of the computational domain [46]. Inside the nozzle, the sponge extends from the inlet plane up to 3.8𝐷
6
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Table 4
Simulation physical time and acquisition parameters.
Condition 𝑀𝑎 [–] Physical simulation

time [s]
FWH acquisition
time [s]

Frequency
resolution [Hz]

1 0.3 0.440 0.373 27
2 0.5 0.264 0.224 44

Fig. 6. Far-field microphone positions. (a) 48 microphones in the polar array, divided for the reflected and shielded sides. Microphone distance not to scale (b)
364 microphones in the phased array, parallel to the surface plane. The bottom figure is a zoomed region at the center of the array. Nozzle and plate dimensions
not to scale.

upstream of the exit plane. A spherical sponge with a diameter 130𝐷𝑗 , centered at the nozzle exit plane and encompassing the entire
geometry, is also added. A progressive coarsening of the grid towards the boundaries also contributes to the dampening of acoustic
wave reflection.

The physical time of the simulations is divided into an initial transient, consisting of 5 flow passes through the FWH surface, and
an acquisition time of 27 flow passes (total simulation time of 32 flow passes). The latter is defined based on the minimum output
frequency to be analyzed (defined as 𝑆𝑡 = 0.02), and the number of spectral averages (defined as 20), for an overlap coefficient of
0.5 in the Fast Fourier Transform (FFT) computation. For the finest grid resolution investigated, the physical time step is 1.5×10−7 s.
The unsteady pressure on the FWH surface is sampled with a frequency of 72 kHz and 120 kHz for conditions 1 and 2, respectively.
The resultant physical simulation time and acquisition parameters are shown in Table 4 for the simulated jet flow conditions. The
frequency resolution refers to the minimum frequency band obtained from the FFT of the acoustic signals, based on the acquisition
time and the selected number of averages.

The far-field noise levels are computed with a microphone arc array, centered at the nozzle exit plane, with a radius of 100𝐷𝑗 .
Microphones are placed at an interval of 5◦, ranging from 𝜃 = 50◦ to 𝜃 = 165◦ (𝜃 = 180◦ corresponds to the jet axis). The noise
levels are evaluated at both shielded and reflected sides of the plate, as shown in Fig. 6(a). Acoustic signals from the solid FWH
formulation [31] can be obtained at shallower angles in both downstream and upstream directions, since they are not affected by
the end caps and the nozzle, as in the case of the permeable FWH surface.

Acoustic data are also obtained at a microphone phased array for source localization with the beamforming technique [47]. A
frequency-domain form of the FWH analogy [35] is applied on the permeable surface data, which provides the cross-spectral matrix
for the entire array. The array is located on a plane parallel to the plate surface, at a distance of 20𝐷𝑗 from the jet axis on the
reflected side, and centered at the nozzle exit plane. The array has 364 microphones arranged in a modified Underbrink multi-arm
spiral design [48], with an effective diameter of 3000𝐷𝑗 in the streamwise direction and 160𝐷𝑗 in the spanwise direction, as shown
in Fig. 6(b). The array aperture and location are chosen in order to provide a streamwise spatial resolution of 0.2𝐷𝑗 (0.065𝐿𝑝) at a
frequency of 300 Hz, based on the Rayleigh criterion equation [49]. The used steering vector formulation is taken from the work
of Sijtsma [50] for conventional beamforming, assuming monopole sources. The scan plane is chosen as a square with a 10𝐷𝑗 edge
on the bottom surface of the plate, and centered at (5𝐷𝑗 , 1.5𝐷𝑗 ,0). A grid size of 0.02𝐷𝑗 is used in the x- and 𝑧-directions.

3.4. Grid convergence and set-up validation

A grid convergence study is performed to assess the sensitivity of the numerical results to the discretization of the computational
domain. The mesh resolution is defined as the number of voxels (volumetric cell element or lattice in the domain) at the nozzle
exit diameter, and the resultant element size is used throughout the jet plume. Three grids are investigated: coarse (resolution = 32
7
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Table 5
Grid characteristics for convergence analysis for the installed jet configuration with the PM–APM trailing edge.
Grid Resolution Voxel size at nozzle

exit [mm]
Finest voxel size
[mm]

Number of voxels
[106]

kCPUh

Coarse 32 1.59 0.199 331 18.8
Medium 45 1.13 0.141 647 46.4
Fine 64 0.79 0.099 1688 147

Fig. 7. Mesh at the symmetry plane of the installed jet set-up with a flat plate with perforated trailing edge. The finest element size for the medium resolution
is 0.14 mm (VR13). This level of refinement is placed downstream of the nozzle lip and in the porous material. The following VR levels indicate a doubling in
element size.

voxels/𝐷𝑗), medium (resolution = 45 voxels/𝐷𝑗), and fine (resolution = 64 voxels/𝐷𝑗). The features of each grid are summarized
in Table 5 for the installed jet with a metal foam trailing edge case (PM–APM formulation).

An image of the medium resolution mesh at the symmetry plane of the geometry (𝑧 = 0) is shown in Fig. 7 for the perforated
trailing-edge case, which has the smallest channels. The different levels of grid refinement are defined by virtual volumes known as
variable resolution (VR) regions. In total, 13 VRs are applied for the installed jet set-up, with the finest element (VR13) placed at
the nozzle lip and in the permeable materials. For this resolution, the finest element size is 0.141 mm, as reported in Table 5. For
each higher level of VR, the element size doubles. As shown in Fig. 7, the lipline region directly downstream of the nozzle exit is
refined (VR13 and VR12) in order to properly capture the early stages of the shear layer formation. The remainder of the jet flow
up to 𝑥 = 10𝐷𝑗 is included in VR11, whereas VR10 is the region comprised by FWH surface. With the medium grid resolution, a
𝑦+ = 70 is computed at the nozzle exit. At the trailing edge, since there is no steady flow around the flat plate, it is not possible to
extract a 𝑦+ value.

The installed jet set-up with a fully solid plate has been previously validated by Rego et al. [51] both in terms of steady flow field
and acoustics. It is also necessary to validate the unsteady properties of the jet flow, which are important for the analyzes in this work,
against experimental data. For that purpose, the unsteady pressure is computed for the isolated case at 𝑥 = 6𝐷𝑗 −𝑦 = 1.5𝐷𝑗 (trailing-
edge position in the installed case) with 𝑀𝑎 = 0.5 and medium grid resolution, and compared with microphone measurements
performed in the campaign described in [13]. The spectra are shown in Fig. 8 in terms of Power Spectral Density (PSD) versus
Strouhal number (𝑆𝑡 = 𝑓 ×𝐷𝑗∕𝑈𝑗). A reference pressure of 2 × 10−5 Pa is used for the conversion to dB.

The spectra show good agreement in the low-frequency range, up to 𝑆𝑡 = 0.4 with maximum deviations of approximately 2
dB/Hz. For 𝑆𝑡 > 0.4, which is in the inertial subrange/acoustic field for this position as shown by the sharp decay in the spectrum,
there are differences on the order of 4 dB/Hz. However, this frequency range is not of particular interest for jet-installation effects
nor the noise reduction provided by the permeable materials, based on the results of Rego et al. [13], which are concentrated in
the energy-containing region of the spectrum (𝑆𝑡 < 0.3).

A grid convergence study and set-up validation are also carried out in terms of far-field spectra for the cases with flow-permeable
trailing-edges. The effect of grid resolution is assessed for the configuration with a metal foam trailing edge, as shown in Fig. 9(a),
for a 𝑀𝑎 = 0.5 jet. The spectra are obtained for a polar angle 𝜃 = 90◦ (reflected side) and are plotted in terms of Sound Pressure
Level (SPL), for a constant frequency band of 100 Hz. The spectra are also compared with experimental results from Rego et al. [13]
8
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Fig. 8. Near-field pressure spectra computed at 𝑥 = 6𝐷𝑗 − 𝑦 = 1.5𝐷𝑗 for the isolated jet at 𝑀𝑎 = 0.5 and compared with experimental microphone
easurements [13].

Fig. 9. Grid convergence analysis and validation. Far-field spectra of the installed jet with a (a) Metal foam trailing edge for different grid resolutions, compared
to experimental results [13]. (b) Perforated trailing edge at medium grid resolution, compared to experimental results [13]. Spectra obtained at 𝜃 = 90◦ and for
𝑀𝑎 = 0.5.

for set-up validation. The frequency band of the experimental data has been changed to 100 Hz, so that it is comparable with the
computational results.

As shown in Fig. 9(a), the spectral shape is correctly predicted by the simulations from all grids. The curve for the coarse mesh
has a slightly higher amplitude up to 𝑆𝑡 = 2, indicating that smaller flow structures are not accurately resolved, and consequently
their energy content is included in that frequency range. For 𝑆𝑡 > 2, there is a sharp decay in amplitude due to the grid cut-off
size. The spectra for the medium and fine grids, on the other hand, display similar amplitudes, within 1 dB variation, indicating
grid convergence. There is also a good agreement with the experimental results from Rego et al. [13], with maximum deviations
on the order of 1.5 dB, indicating that the PM–APM approach for the modeling of the metal foam is valid along with the prescribed
resistivity inputs. The computational set-up is also validated for when the actual flow-permeable geometry is used in the simulations.
The spectrum for the perforated plate case, computed at 𝜃 = 90◦ and for the medium resolution, is compared with experimental
esults of Rego et al. [13], as shown on Fig. 9(b). Similarly as the metal foam, there is a good agreement between the simulation
nd experiment, with a correct predicted spectral shape, and a maximum deviation of 2 dB. Therefore, the analyzes carried out in
he remainder of this paper are obtained for a medium resolution grid, which is shown to predict accurate results with a relatively
ow computational cost.

. Results and discussion

.1. Jet flow field

The jet flow field is described in this section. A contour of the time-averaged velocity field for the installed jet at 𝑀𝑎 = 0.5
(condition 2) is shown in Fig. 10. The region corresponding to the potential core and the downstream velocity decay are visible, as
well as the spreading of the jet and symmetry with respect to the centerline. There is also no grazing flow occurring on the surface,
and thus the jet development is not affected by the plate [13].
9
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Fig. 10. Contour of time-averaged axial velocity 𝑢 for the installed jet at condition 2 (𝑀𝑎 = 0.5), non-dimensionalized by the jet nominal velocity 𝑈𝑗 .

Fig. 11. Time-averaged axial velocity profiles for the installed jet at condition 2 (𝑀𝑎 = 0.5). Black curve — centerline velocity (𝑦 = 0). Red curve — radial
profile at 𝑥 = 6𝐷𝑗 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The time-averaged velocity profile is extracted at the jet centerline (𝑦 = 0) and plotted as the black curve in Fig. 11. The
potential core length, defined as the distance between the position where 𝑢 = 0.98𝑈𝑗 and the nozzle exit plane, is found to be 6.2𝐷𝑗 .
Downstream of this position, the centerline velocity decay is visible. The velocity profile in the radial direction is also plotted in
Fig. 11 (red curve), for 𝑥 = 6𝐷𝑗 (equivalent to the trailing edge position). The axial velocity reaches the free-stream level of 0.01𝑈𝑗
at a position 𝑦 ≈ 1.2𝐷𝑗 , and thus it is confirmed that there is no steady jet flow grazing on the surface. The spreading angle of the
jet is also computed as 𝛿 = 8.5◦, which is consistent for the investigated nozzle geometry [52]. Similar results are obtained for the
jet at 𝑀𝑎 = 0.3.

4.2. Far-field noise spectra

In this section, the far-field SPL for the installed jet with flow-permeable trailing-edges are reported and compared to the reference
solid configuration and the isolated jet. The spectra are obtained for a constant frequency band of 100 Hz, at a polar angle 𝜃 = 90◦

(reflected side), and plotted in Fig. 12 for both jet conditions.
Comparing initially the results for the isolated jet and the installed case with the solid plate, it is shown that installation effects

result in a low-frequency noise amplification; the maximum increase with respect to the isolated case is 21 dB at 𝑆𝑡 = 0.15 (𝑀𝑎 = 0.3),
and 17 dB at 𝑆𝑡 = 0.12 (𝑀𝑎 = 0.5). For the latter, with a higher jet velocity, the quadrupole sources due to turbulent mixing become
more acoustically efficient with respect to the dipoles on the plate, and thus the relative low-frequency noise amplification due to
installation effects is lower. At mid and high frequencies (𝑆𝑡 > 0.6 for 𝑀𝑎 = 0.3 and 𝑆𝑡 > 0.4 for 𝑀𝑎 = 0.5), there is a constant offset
between the installed and isolated spectra of approximately 3 dB due to reflection of acoustic waves from quadrupole sources [10].

The configurations with flow-permeable trailing edges show significant noise reduction with respect to the reference solid case,
particularly for 𝑆𝑡 < 0.4, where installation effects are dominant. For 𝑀𝑎 = 0.3, reductions of 10 dB are obtained at the spectral peak
(𝑆𝑡 = 0.15) for the metal foam and diamond trailing edges, whereas the perforated provides 7 dB reduction. For frequencies higher
than the spectral peak, the noise levels of all flow-permeable configurations become similar. Similar trends occur for 𝑀𝑎 = 0.5,
with amplitude reductions of 12 dB (metal foam and diamond) and 9 dB (perforated), with respect to the solid case, at the spectral
peak (𝑆𝑡 = 0.12). The metal foam and diamond display similar amplitude, except at very low frequencies (𝑆𝑡 < 0.1), for which the
latter performs better. For the higher jet velocity, the noise levels of the flow-permeable trailing-edge configurations are closer to
the isolated one, which is in agreement with the results from Rego et al. [13].
10
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Fig. 12. Far-field spectra for the flow-permeable trailing edge configurations, compared with isolated jet and the reference solid case, for 𝜃 = 90◦ (a) 𝑀𝑎 = 0.3.
(b) 𝑀𝑎 = 0.5.

Fig. 13. Acoustic source location from beamforming applied to the installed jet with a fully solid plate (𝑀𝑎 = 0.5). (a) 𝑆𝑡 = 0.12. (b) 𝑆𝑡 = 0.24.

4.3. Far-field noise breakdown

Despite the visible reduction in SPL amplitude due to the permeable trailing edges, the dominant sources for those configurations
are not yet clear. Rego et al. [13] hypothesized that the noise at the original trailing edge is largely reduced, and the junction becomes
a region of strong acoustic scattering and possibly the dominant source for the permeable cases. In order to verify this hypothesis,
the beamforming technique is applied to study the location of the dominant acoustic source, as described in Section 3.3. The results
are evaluated for a scan plane on the lower side of the plate, initially for the fully solid case as a baseline, at 𝑆𝑡 = 0.12 (far-field
spectral peak) and 𝑆𝑡 = 0.24, as shown in Fig. 13, for the 𝑀𝑎 = 0.5 jet. Similar results are obtained for the other condition.

The contour plot in Fig. 13(a) shows that, for a frequency 𝑆𝑡 = 0.12, the dominant acoustic source on the lower side of the
plate is placed upstream of the trailing-edge, centered at 𝑥 = 4.1𝐷𝑗 . On the other hand, for 𝑆𝑡 = 0.24, the source is located at
the trailing edge. Therefore, the results indicate that for 𝑆𝑡 = 0.12 the unsteady loading due to surface pressure fluctuations is the
dominant mechanism, whereas for 𝑆𝑡 = 0.24 the scattering at the edge is more significant. Results for intermediate frequencies
(0.12 < 𝑆𝑡 < 0.24), not displayed for the sake of brevity, show that the source progressively moves towards the trailing edge, as the
frequency is increased. The contours also show that the SPL for the source at 𝑆𝑡 = 0.12 is higher than for 𝑆𝑡 = 0.24, in agreement
with the far-field spectra. The discussion on the dominant noise generation mechanisms on the noise spectra will be addressed in
Section 4.5.

Source localization is also applied to the flow-permeable configurations. The results are shown in the contour plots of Fig. 14, for
the 𝑀𝑎 = 0.5 jet and 𝑆𝑡 = 0.12. Different color scales are used for each configuration in order to facilitate the visualization. For the
metal foam and diamond trailing edges, the dominant acoustic source at a frequency 𝑆𝑡 = 0.12 is located near the junction between
the solid and flow-permeable regions of the plate (𝑥 = 3𝐷𝑗). For those configurations, this region acts as a geometric discontinuity
and, therefore, it is also a scattering region for hydrodynamic waves in the jet mixing layer. In the junction, it is also expected that
the sound field is governed by diffraction effects, for which some of the energy present in near-field hydrodynamic fluctuations
in the jet mixing layer is converted into acoustic waves at the edge [6]. For the perforated case, a behavior similar to that of the
original solid case is obtained, with the source upstream of the trailing edge (𝑥 = 4.6𝐷𝑗), but downstream of the junction.

Since the junction has become the dominant source location for the metal foam and diamond configurations, it is useful to
compare the noise generated by the solid (𝑥 < 3𝐷 ) and porous (𝑥 > 3𝐷 ) regions of the plate separately. For that purpose, the
11
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Fig. 14. Acoustic source location from beamforming applied to the installed jet with flow-permeable trailing edges, for a frequency 𝑆𝑡 = 0.12 and 𝑀𝑎 = 0.5. (a)
Metal foam. (b) Diamond. (c) Perforated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 15. Far-field SPL spectra for the installed jet with a fully solid plate, obtained from the FWH analogy applied to different surfaces: a permeable cylinder
encompassing the whole geometry (black curve) and considering just the fluctuations on the flat plate surface (red curve). Spectra obtained for 𝜃 = 90◦ and
𝑀𝑎 = 0.5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

far-field noise produced by pressure fluctuations on the plate is computed through the FWH analogy [31] applied to those surfaces.
However, it is necessary first to verify that this approach provides correct results, as well as confirm that the computed noise due
to jet-installation is independent of the chosen FWH surface. Therefore, the spectra shown in Fig. 15 are obtained for the fully solid
plate case from fluctuations on the permeable FWH surface encompassing the whole geometry, as well as those on the flat plate
surfaces (upper and lower sides, leading edge and trailing edge). The spectra are obtained for a polar angle 𝜃 = 90◦ and 𝑀𝑎 = 0.5.
The black curve is the same as the solid plate spectrum of Fig. 12(b).
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Fig. 16. Far-field noise spectra generated by solid (orange curve) and porous (blue curve) regions of the plate separately, for each flow-permeable configuration
and 𝑀𝑎 = 0.5. The solid section of the plate extends up to 𝑥 = 3𝐷𝑗 , whereas the permeable one is located at 3𝐷𝑗 < 𝑥 < 6𝐷𝑗 . The green curve represents the
oise generated by the entire plate (sum of solid and porous regions). (a) Metal foam. (b) Diamond. (c) Perforated. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)

There is a good agreement between the curves up to 𝑆𝑡 = 0.3, which is the frequency range where jet-installation noise
s dominant. This shows that the noise levels are accurately predicted and independent of the chosen FWH surface. At higher
requencies, the curves do not agree since the spectrum obtained from the flat plate pressure fluctuations does not properly capture
he quadrupole sources in the jet mixing layer. However, this frequency range is not relevant for the current analysis.

For the permeable trailing edge cases, the spectra are computed individually for each region of the plate, i.e. solid (orange curve)
nd porous (blue curve), as plotted in Fig. 16, for 𝜃 = 90◦ and 𝑀𝑎 = 0.5. The isolated jet spectrum is also included for reference, as
ell as the noise generated by the entire plate (green curve), which is equivalent to the sum of the solid and porous regions.

For the metal foam, the spectra show that the noise generated by the solid region of the plate is dominant with respect to the
orous part, except for low frequencies up to 𝑆𝑡 = 0.09. For the diamond configuration, the solid region of the plate is dominant in
he entire analyzed frequency range. The perforated case, on the other hand, displays the opposite behavior: the porous region has
higher amplitude than the solid one, even up to high frequencies (𝑆𝑡 = 1.3). These results are in agreement with the dominant

coustic source position obtained from beamforming, as shown in Fig. 14. Moreover, considering the noise generated by the entire
late for each configuration (green curves), it is visible that for the metal foam and diamond cases, the amplitude is approximately
f the same order as the isolated jet. It is also interesting to notice that, for the metal foam, the frequency range where the porous
ection generates more noise than the solid one (𝑆𝑡 ≤ 0.09) is the same range as in the spectra of Fig. 12 where the noise for the
etal foam configuration is higher than that of the diamond. Therefore, this difference occurs because more noise is generated by

he porous region of the plate, so it is likely due to the different material properties. This is verified in the next section.

.4. Volumetric flow rate and surface pressure distribution

In this section, the difference between the far-field noise levels of the permeable configurations is linked to the properties of each
aterial, particularly the resistivity, which, according to Darcy’s law, affects directly the pressure drop across the surface. In order

o verify this hypothesis, the Root-Mean-Square (RMS) volumetric flow rate, integrated through the permeable region of the plate,
s computed and reported in Table 6, for both jet conditions. The values are non-dimensionalized by the nominal jet volumetric
low rate for each condition (𝑈𝑗 × 𝜋𝐷2

𝑗 ∕4). The flow rate through an equivalent virtual surface, with the same dimensions as the
ermeable trailing edges (3𝐷 < 𝑥 < 6𝐷 , 𝑦 = 1.5𝐷 and −3𝐷 < 𝑧 < 3𝐷 ), is also computed for the isolated jet. This surface simply
13
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Table 6
Root-mean-square volumetric flow rate through the porous region for each flow-permeable configuration, non-
dimensionalized by the nominal jet mass flow of each condition. The flow rate through an equivalent surface is
also computed for the isolated jet as a reference value.
𝑀𝑎 [–] �̇�isolated [10−3] �̇�metal foam [10−3] �̇�diamond [10−3] �̇�perforated [10−3]

0.3 7.32 6.09 6.87 4.42
0.5 7.98 7.13 7.54 4.77

Fig. 17. Pressure distribution on the lower side of the plate, for a frequency 𝑆𝑡 = 0.12 and 𝑀𝑎 = 0.5. (a) Fully solid plate. (b) Metal foam trailing edge.

consists of a measurement plane in the isolated jet, parallel to the lower side of the plate surface in the installed case and does not
affect the flow development. Regarding the volumetric flow rate, the extreme cases are the isolated jet, for which there is no flow
blockage, and the installed case with solid plate, for which there is total blockage and zero flow rate through the surface. The goal
of the analysis is then to define where each permeable case is located with respect to those two extremes and link the findings to
the properties of the material (porosity and permeability) and the surface pressure fluctuations which are directly correlated to the
produced noise.

The results show that the non-dimensionalized values are similar for both conditions, indicating that the flow velocity through
the porous material is likely proportional to the jet velocity. Moreover, comparing the different configurations, the diamond and
metal foam have similar volumetric flow rates, both higher than that of the perforated. Therefore, the latter provides higher blockage
to the unsteady flow normal to the plate surface. The flow rates through the metal foam and diamond trailing edges are also close
to the reference value of the isolated jet, indicating that a further increase in the structure permeability is not likely to result in
significant changes to the flow rate, and possibly no change to the noise levels.

The unsteady flow through the permeable trailing edge affects the pressure balance across the surface, which is directly
responsible for the noise generation. Therefore, the distribution of pressure fluctuations 𝑃 on the surface, in the frequency domain, is
analyzed for each flow-permeable configuration and compared with the reference solid case. Firstly, contour plots of the pressure on
the lower side of the plate are shown in Fig. 17 in logarithmic scale, for a frequency 𝑆𝑡 = 0.12, and for the solid and metal foam cases
respectively. The other flow-permeable cases display similar trends as the metal foam. The values are non-dimensionalized by the
nominal jet dynamic pressure (0.5𝜌𝑈2

𝑗 ). It is worth mentioning that these plots also consider pressure fluctuations of hydrodynamic
characteristic and, therefore, they are not necessarily equivalent to acoustic source maps.

The maximum amplitude of pressure fluctuations for the metal foam is visibly lower than for the reference solid case because of
the flow through the porous material. Since there is communication between the upper and lower sides of the plate near the trailing
edge, the unsteady flow generated by the jet mixing layer is no longer bounded by the surface at this region, and the consequent
vertical velocity component through the permeable material leads to a reduction of the surface static pressure.

In more detail, the pressure distribution in the streamwise direction of the plate, in the symmetry plane (𝑧 = 0), is plotted in
Fig. 18(a). It is shown that the amplitude of pressure fluctuations for the cases with flow-permeable trailing edges is lower than that
of the solid case, except for the region around 𝑥 = 3𝐷𝑗 . This point corresponds to the solid–porous junction of the plate, which acts
as a scattering region. This behavior is present for the metal foam and diamond cases, and confirmed by the beamforming results of
Fig. 14. Moreover, the amplitude near the trailing edge is lower for all flow-permeable cases with respect to the solid one and the
trend is consistent with the volumetric flow rate through each configuration. The metal foam only differs from the diamond close
to the trailing-edge position. Finally, near the nozzle exit (𝑥 < 1.5𝐷𝑗), the jet has not yet developed sufficiently in order to generate
strong hydrodynamic pressure fluctuations. This effect, coupled with a nearly constant amplitude up to 𝑥 = 1.5𝐷𝑗 for the solid case,
suggests that the pressure fluctuations in this region are dominated by acoustic waves scattered at the plate trailing edge. These
acoustic waves have a dipole/cardioid directivity pattern and thus travel upstream of the trailing edge. For the permeable cases,
there is a consistent increase in amplitude moving downstream, indicating that the scattered acoustic waves are weaker than the
linear hydrodynamic field of the jet. Therefore, the difference between the solid and permeable cases in this region is linked to a
weaker scattering mechanism for the permeable cases.
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Fig. 18. Amplitude of pressure fluctuations on the lower side of the plate, for a frequency 𝑆𝑡 = 0.12 and 𝑀𝑎 = 0.5 (a) Streamwise direction at 𝑧 = 0. (b) Spanwise
irection at 𝑥 = 5𝐷𝑗 .

Fig. 19. Far-field spectra of the surface pressure fluctuations for the installed jet (solid plate) at different polar angles. (a) 𝑀𝑎 = 0.3. (b) 𝑀𝑎 = 0.5.

A similar analysis is also carried out in the spanwise direction of the plate, at a fixed streamwise position 𝑥 = 5𝐷𝑗 , as shown in
ig. 18(b). At this position, the amplitude of pressure fluctuations for the flow-permeable cases is lower than that of the solid case
hroughout the entire span of the porous region. The metal foam and diamond curves practically collapse, whereas the perforated
as higher amplitude, particularly at 𝑧 = ±3𝐷𝑗 . This is likely due to a misalignment between the unsteady flow from the jet (always
n the radial direction) and the axis of the holes in the perforation, leading to a reduced volumetric flow rate far from the centerline.
owever, the amplitude of fluctuations at that region is almost one order of magnitude lower than at the centerline. Since the trailing
dge is located in the linear hydrodynamic field of the jet [51], where the pressure decays exponentially with radial distance from
he shear layer, the center of the plate (𝑧 = 0) is subjected to impingement of stronger pressure fluctuations with respect to the
panwise extremities of the permeable materials (𝑧 = ±3𝐷𝑗). Therefore, it is expected that the difference between the permeable
ases near 𝑧 = ±3𝐷𝑗 does not have a significant contribution to the far-field noise.

.5. Noise from pressure wave impingement and trailing-edge scattering

The results in the previous section have shown how the permeable trailing edges modify the flow around the plate with
onsequent changes to the surface pressure distribution. However, it is still necessary to assess how the noise generation mechanisms
n the solid plate, i.e. the impingement of pressure waves on the surface and the scattering at the edge, are individually affected by
he permeable trailing edges. The main distinction between these mechanisms is their directivity pattern (dipole and cardioid shapes,
espectively). Therefore, in order to determine the conditions and frequency range where each of them is dominant, far-field spectra
re plotted for three polar angles (𝜃 = 30◦, 𝜃 = 60◦ and 𝜃 = 90◦), initially for the solid plate case, as shown in Fig. 19. These spectra
re obtained solely from the pressure fluctuations on the surface in order to disregard noise from turbulence mixing. Moreover,
hese spectra are computed for a constant frequency band of 50 Hz so that a more accurate analysis in frequency is carried out.

As shown in Fig. 19, the far-field spectra of surface pressure fluctuations for 𝜃 = 90◦ have similar shape and amplitude as those
hown in Fig. 12 for the installed jet with a fully solid plate, particularly at low and mid frequencies. However, for 𝜃 = 60◦, the
pectral shape changes: for 𝑀𝑎 = 0.3, the amplitude decreases slightly for 𝑆𝑡 < 0.2, but increases for 0.2 < 𝑆𝑡 < 0.4, with respect to
= 90◦. For 𝜃 = 30◦, the amplitude is mostly lower than that for 𝜃 = 90◦, except in the frequency range 0.28 < 𝑆𝑡 < 0.4. A similar

rend occurs for 𝑀 = 0.5.
15
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Fig. 20. Far-field spectra of the surface pressure fluctuations for the installed jet (solid plate) at different polar angles, scaled with a dipole directivity (sin2(𝜃)))
at low frequencies, and a cardioid (cos2 (𝜃∕2)) at mid frequencies. (a) 𝑀𝑎 = 0.3. (b) 𝑀𝑎 = 0.5.

Fig. 21. Far-field noise generated by the solid region of the surface (𝑥 < 3𝐷𝑗 ) with a metal foam trailing edge for 𝑀𝑎 = 0.5. (a) SPL spectra for different polar
ngles. (b) Scaled SPL spectra based on dipole/cardioid directivity.

The low-frequency noise reduction with a decrease in polar angle can be associated with a dipolar directivity pattern, which
as a maximum at the direction normal to the surface (𝜃 = 90◦). As a consequence, the dominant noise generation mechanism in
hat frequency range is the unsteady loading on the plate due to the impingement of pressure waves. On the other hand, for the
requency range where there is an increase in amplitude with respect to 𝜃 = 90◦, the dominant noise mechanism is the scattering of

hydrodynamic pressure waves at the trailing-edge, which has a cardioid directivity. However, for the latter, it would be expected
that the curve for 𝜃 = 30◦ had an even higher amplitude than 𝜃 = 60◦, which is not the case. It is believed that this results from a
ombination of both mechanisms in the latter case, for which the noise produced by them have similar amplitude.

In order to verify that the far-field spectra has different dominant noise mechanisms at different frequencies, the curves for each
olar angle can be scaled with a directivity characteristic of a dipole (sin2 (𝜃)) and a cardioid (cos2 (𝜃∕2)), according to the polar

angle convention. For each jet condition, the dipole scaling is applied to low frequencies, up to the spectral peak, whereas the
cardioid scaling is applied to mid frequencies, starting at the peak up to the frequency where installation effects are dominant with
respect to turbulence mixing. The scaled spectra are shown in Fig. 20, with the annotated scaling applied to each frequency range.
A good agreement is obtained between the curves, particularly in the dipole region and around the spectral peak. The collapsing of
the spectra are, therefore, an indication that the different noise generation mechanisms in an installed jet are dominant at different
frequency ranges. Moreover, the small differences for the 𝜃 = 60◦ scaled curve at mid frequencies suggest that, for this case, the
dipole effects are still considerable in this frequency range.

With the far-field spectrum of an installed jet with a fully solid plate properly characterized in terms of the dominant mechanisms
at different frequencies, the effect of a permeable trailing edge on JIN can be properly addressed by linking the final noise signature
to each noise generation mechanism. Spectra at different polar angles are obtained for the solid and porous regions of the plate
separately. For the former, there are no significant differences between the results of different configurations. Therefore, the far-field
spectra from the solid region (𝑥 < 3𝐷𝑗) for the configuration with the metal foam trailing edge is shown in Fig. 21(a).

The spectra shown in Fig. 21(a) have a similar trend as those in Fig. 19 for the fully solid plate; at low frequencies the
amplitude tends to decrease for shallow polar angles, whereas it increases with 𝜃 for mid frequencies. Therefore, a scaling based
on dipolar/cardioid directivity can be applied to these spectra at different frequency ranges. The best agreement is found, when a
dipole scaling is applied up to 𝑆𝑡 = 0.21, and a cardioid one for 0.21 < 𝑆𝑡 < 0.4. Therefore, for this case, the scaling regions are not
16
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Fig. 22. Far-field noise generated by the porous region of the surface (3𝐷𝑗 < 𝑥 < 6𝐷𝑗 ), for different polar angles and 𝑀𝑎 = 0.5. (a) Metal foam. (b) Diamond.
(c) Perforated.

related to the spectral peak. The maximum frequency for dipole scaling is higher than that obtained from the original solid plate
(𝑆𝑡 = 0.12) in Section 4.2. This is due to the position of the new geometric discontinuity (solid–porous junction), at 𝑥 = 3𝐷𝑗 ; at
his point, the energy content of large-scale structures is lower than at the original trailing-edge position (𝑥 = 6𝐷𝑗). Therefore, the
ontribution due to scattering at low frequencies is reduced, and thus a wider frequency range is dominated by dipole sources. It is
lso possible that the scattering efficiency at the junction is lower since the change of surface impedance from solid–porous is less
brupt than that from solid-air, as in the original solid case. Further research into this hypothesis is necessary.

For the permeable region of the plate (3𝐷𝑗 < 𝑥 < 6𝐷𝑗), the spectra for all configurations are shown in Fig. 22. The spectra display
similar trend: the SPL decreases with decreasing 𝜃 for the entire assessed frequency range. These results indicate that the dominant
oise generation mechanism in the porous region is the unsteady loading due to pressure wave impingement. In order to confirm
his assumption, a dipole directivity scaling is applied to the curves up to 𝑆𝑡 = 0.4. The results in Fig. 23 show that a good agreement
s obtained with the scaled spectra, confirming the mechanism responsible for noise generation for those cases. The absence of a
requency range with cardioid directivity indicates that the scattering mechanism is largely reduced at the original trailing-edge
osition. These results are in qualitative agreement with those from Jaworski and Peake [17], who demonstrated that the far-field
oise at low frequencies, caused by edge scattering, changes from a fifth-power scaling with the flow velocity to a sixth-power one
hen the trailing edge is replaced by a permeable structure. This means that the far-field noise is no longer dominated by edge

cattering (𝑈5), but instead it has a dipole characteristic (𝑈6), which is also visible in the spectra of Fig. 23. It is necessary, however,
o assess how the permeable trailing edges affect noise scattering in the near-field.

According to Amiet [53], one of the parameters that affect the scattered noise produced by turbulence convecting past a trailing
dge is the spanwise correlation at that region. Therefore, it is interesting to assess how the flow-permeable trailing edges affect
his parameter, with respect to the original solid case. The coherence 𝛾 between pressure signals in the spanwise direction at the
railing-edge region (𝑥 = 6𝐷𝑗) is computed, using the signal at the symmetry plane (𝑧 = 0) as reference. The results are plotted

in Fig. 24 for a frequency 𝑆𝑡 = 0.12. It is shown that the spanwise coherence is highest for the solid trailing-edge case, which is
elated to the flow diverted to the spanwise direction by the solid boundary. The flow-permeable cases, however, display similar
alues throughout the span, indicating that the permeability of the insert or the shape of the channels do not play a significant role
n this parameter. Therefore, it is concluded that the noise due to scattering at the plate trailing edge is decreased not only due to
lower amplitude of surface pressure fluctuations, but also due to a lower spanwise coherence, which is similar for all permeable
17
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Fig. 23. Far-field noise generated by the porous region of the surface (3𝐷𝑗 < 𝑥 < 6𝐷𝑗 ), for different polar angles and 𝑀𝑎 = 0.5. (a) Metal foam. (b) Diamond.
(c) Perforated.

Fig. 24. Coherence values from surface pressure in the spanwise direction at the plate trailing edge (𝑥 = 6𝐷𝑗 ), computed with the signal at the symmetry plane
𝑧 = 0) as reference for the solid and flow-permeable cases. Data plotted for 𝑆𝑡 = 0.12 and 𝑀𝑎 = 0.5.

As a confirmation that the noise due to scattering at the original trailing edge position is no longer dominant, the phase angle
between the pressure fluctuations on the upper and lower sides of the plate is computed, at a position 𝑥 = 5𝐷𝑗 , as plotted in

ig. 25(a). The results show a higher phase angle for the solid plate than those with permeable trailing edges. For the former, this
hase difference is due to scattered acoustic waves traveling upstream, whereas for the latter, the lower phase shift is consistent
ith hydrodynamic fluctuations on both sides of the plate; acoustic waves scattered at the trailing edge are, therefore, considerably
eaker in those cases. Moreover, the phase angle is also similar for all permeable cases, including the perforated plate, indicating

hat the insert resistivity is not affecting the phase of the pressure fluctuations traveling from the lower to the upper side of the plate.
ombining these results with the spanwise coherence analysis, it is concluded that the reduction of noise due to edge scattering

s independent of the trailing edge resistivity, for the investigated cases. Additionally, the lower amplitude of pressure fluctuations
18
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Fig. 25. Phase angle between pressure fluctuations on the lower and upper sides of the plate, computed for 𝑀𝑎 = 0.5 at (a) 𝑥 = 5𝐷𝑗 and (b) 𝑥 = 2𝐷𝑗 .

or the permeable cases with respect to the solid one near the nozzle exit, as shown in Fig. 18(a), is a direct consequence of lower
oise due to scattering. Finally, the phase angle is also computed upstream of the junction, as shown Fig. 25(b). At this position,
he phase shift is similar for the solid and permeable cases, indicating the effects of scattering at the solid–permeable junction.

Based on the obtained results, it is concluded that the scattering mechanism at the original trailing-edge position is no longer
ignificant for the permeable configurations. This is valid for all types of inserts, thus showing how a structure with low permeability,
uch as the perforated, is still capable of providing considerable JIN reduction. The dominant noise generating mechanism in the
ermeable region is shown to be related to surface pressure fluctuations, which are intimately linked to the permeability/resistivity
f the material, since these parameters define the flow rate through the permeable structure and, consequently, the amplitude of
luctuations. Considering the overall surface, this effect is summed to the noise produced by the solid region of the plate, generated
oth due to impingement of pressure waves as well as scattering at the solid–permeable junction, which is a new discontinuity
ntroduced in the geometry.

. Conclusions

A numerical investigation on jet-installation noise reduction with the application of permeable trailing edges is performed. The
ocus of this work consists in studying how those permeable structures provide noise reduction, by analyzing their effect on the
ain noise generation mechanisms of a plate in the vicinity of a jet, i.e. noise produced either by surface pressure fluctuations or

railing-edge scattering.
The model for the analyzes is comprised by a nozzle, generating a single-stream subsonic jet, and a flat plate placed in the linear

ydrodynamic field with no grazing flow. The investigated permeable structures consist in a metal foam, which is modeled as an
quivalent porous medium following Darcy’s equation, due to its complex geometry. A perforated trailing edge, with straight holes
ormal to the jet axis, and a diamond-shaped structure are also investigated, but for these cases the actual geometry is simulated.
he metal foam and diamond structures have a lower resistivity compared to perforated one. The permeable region of the plate has
length of 3𝐷𝑗 upstream of the trailing edge in the streamwise direction, and a 6𝐷𝑗 span.

Far-field results of the installed jet with a solid plate show a significant low-frequency noise increase with respect to the isolated
onfiguration (17 dB at 𝑆𝑡 = 0.12, for 𝑀𝑎 = 0.5). By replacing the trailing-edge with a permeable structure, noise reduction of 12 dB
re achieved at the spectral peak (𝑆𝑡 = 0.12 and 𝑀𝑎 = 0.5) for the metal foam and diamond, whereas 9 dB reduction is obtained with
he perforated structure. Beamforming results show that the dominant acoustic source is located at the solid–permeable junction for
he metal foam and diamond cases, confirming the hypotheses from the literature, whereas for the perforated it is located on the
nsert, upstream of the original trailing edge, similarly as the solid case. It is shown that the pressure fluctuations on the perforated
railing edge are considerably higher than the other structures, for which most of the noise is generated by the solid section of the
late.

By analyzing far-field results for different polar angles, different behaviors are observed for the solid and permeable sections of
he plate. The former exhibits the same characteristics as the original solid plate, with noise at low frequencies displaying a dipolar
irectivity and, at relatively higher frequencies, with a cardioid shape. This dual behavior is also verified through beamforming
esults. For the permeable region, on the other hand, the spectra display a consistent dipolar directivity throughout the entire
requency range where the installation effects are dominant. This occurs for all investigated permeable configurations, thus showing
hat the scattering mechanism at the original trailing-edge position is strongly reduced, even for the perforated case, which has a
igh resistivity. These results are confirmed by analyzing the spanwise coherence and the phase shift between the upper and lower
ides of the plate. Therefore, noise due to scattering at the trailing edge is largely reduced for all permeable configurations, and the
ominant mechanism in that region of the plate is the unsteady loading to pressure wave impingement.

Further work on this topic will focus on mitigating the effect of the solid–porous junction, which becomes a new discontinuity in
he geometry and a region of significant noise generation. For this purpose, a gradual increase in permeability towards the trailing
19
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edge is likely to mitigate the generated noise. Moreover, the permeable structures should also be investigated in a realistic wing
geometry, as well as with a free stream condition, for which the amplitude of fluctuations in the jet shear layer will be reduced due
to a lower velocity difference between the jet and ambient. Consequently, jet-installation effects and the noise reduction provided by
the porous materials will also be relatively lower. It is also expected that there will be penalties to the aerodynamic characteristics,
such as lift reduction and drag increase, particularly if there is flow communication between the lower and upper sides of the wing.
These, however, can be minimized by tailoring the properties of the permeable materials, while still providing sufficient noise
reduction.
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