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ABSTRACT

Numerical simulations, using a lattice-Boltzmann technique, have been carried out to study the effect of aerodynamic loading and Reynolds
number on the aeroacoustics of a porous trailing-edge insert. The airfoil is a National Advisory Committee for Aeronautics 0018 with the
last 20% of its chord being replaceable with porous insert based on a Ni-Cr-Al metal foam with a mean pore diameter of 0.8mm. The porous
insert is modeled as an equivalent fluid region governed by the Darcy’s law. The angle-of-attack is set to 7.8�, and the freestream Reynolds
numbers based on the airfoil chord are 2.7� 105 and 5.4� 105. The amount of noise reduction produced by the porous insert generally
decreases as the angle-of-attack or Reynolds number is increased, although the far-field noise directivity remains similar to that of the solid
insert case. Unlike for a solid insert, in which noise sources are concentrated at the trailing edge, those on the porous insert are distributed
across the porous medium surface, and they promote phase interference effect that causes noise attenuation. This mechanism is realized by
the pressure release process, which refers to the interaction between surface pressure fluctuations on both sides of the trailing edge through
the porous medium. It is found that the pressure release process is strongly present at the last 25% of the porous insert extent, and thus the
upstream segment plays a relatively limited role in noise attenuation. The porous insert also causes velocity deficit, enhanced Reynolds shear
stress, and lower convection velocity in the turbulent boundary layer. Nevertheless, since only the flow field surrounding the porous insert is
affected, the overall aerodynamic penalty is relatively minor. It has also been found that the effect of mean cross-flow inside the porous
medium is almost negligible in the present investigation due to the small surface pressure difference between the two sides of the porous
insert.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0047512

I. INTRODUCTION

Turbulent boundary-layer trailing-edge (TBL-TE) noise is one of
the most common noise generation mechanisms in both aircrafts1 and
wind turbines.2 This process is the result of pressure fluctuations in
the TBL being scattered as acoustic waves when an abrupt change in
surface boundary condition is present, such as a sharp trailing edge.3

Considering that turbulent flows are common in industrial applica-
tions, various investigations have been performed to achieve TBL-TE
noise mitigation, such as by performing airfoil shape optimization4

and by applying TE addons, such as serrations5–8 or permeable/porous
TE inserts.9–11

Permeable TE inserts, in particular, have been demonstrated to
be promising passive noise mitigation devices due to their ability to
produce substantial noise reduction, with relatively small adverse aero-
dynamic impact.12–15 These inserts tend to produce larger noise reduc-
tion when materials with higher permeability and porosity are

employed, although this comes at the cost of aerodynamic penalty.9

Nevertheless, it is necessary to understand the underlying principles of
the porous inserts in order to better optimize their applications. A per-
meable TE insert is believed to enable a milder transition from the
solid part of the airfoil to the freestream,16,17 resulting in a weaker
acoustic scattering at the TE.3 However, it was later found that this
process involves the interaction of pressure fluctuations between the
upper and lower sides of the airfoil across the porous medium (PM),18

which is referred to as the pressure release process. When this mecha-
nism is hindered, for instance, by covering one side of the porous TE
with non-permeable tape17 or by introducing a solid partition inside
the porous insert,19 the noise attenuation capability of the porous TE
completely disappears. Nevertheless, there are several aspects of the
pressure release process that are still poorly understood, such as its
relationship with the permeable TE geometry, material properties, and
flow conditions. It is often necessary to observe the flow dynamics
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inside the porous inserts to better understand them. Unfortunately,
such measurements are often challenging to be performed experimen-
tally,20 and thus, high-fidelity numerical simulations often offer more
flexibility in this regard.

Replicating porous media in simulations, however, can become
quite costly, especially when considering materials whose pore size is
much smaller compared to the overall dimension of the main body.21

Several porous media modeling approaches have been proposed to
overcome this challenge, such as by adjusting the wall boundary condi-
tion to include additional permeability and impedance characteris-
tics.22,23 In a different approach, referred to as the volume-averaging
method, the internal volume of the porous medium is replaced by an
equivalent fluid region, where additional physical conditions are
imposed to take the porous media properties (e.g., permeability and
porosity) into account.11,24 This technique has been employed previ-
ously by the authors14 for studying a National Advisory Committee
for Aeronautics (NACA) 0018 equipped with a metal-foam TE insert,
replicating the experimental setup of Rubio Carpio et al.10 They con-
cluded that, in addition to the smoother impedance transition at the
TE, the destructive interference between the noise emitted by the dis-
tributed sound sources on the porous insert contributed toward noise
attenuation.

This manuscript extends the authors’ previous work14 by investi-
gating the porous TE aeroacoustics behaviors at a lifting condition and
at different Reynolds numbers, which better represents the flow condi-
tions that are often encountered in practice, such as on a wind turbine
blade. Information gathered from the present investigation would also
be useful to better understand the benefits and caveats of the current
porous TE application. The rest of this manuscript is organized as fol-
lows. Section II provides a brief description of the porous material
characterization and methodology, which includes the simulation
setup and an overview of lattice-Boltzmann (LB) method in 3DS
SIMULIA PowerFLOWTM. Section III discusses on the effects of flow
conditions on the aeroacoustic characteristics of the porous TE, while
the aerodynamic aspects are examined in Sec. IV. The summary of
this manuscript is provided in Sec. V.

II. METHODOLOGY
A. A brief description of the numerical technique

The commercial software 3DS Simulia PowerFLOW 5.4b based
on lattice-Boltzmann (LB) method is used. The software solves the dis-
crete Boltzmann equation for a finite number of directions. The LB
method determines the macroscopic flow variables starting from the
mesoscopic kinetic equation. The discretization used for this particular
application consists of 19 discrete velocities in three dimensions
(D3Q19), involving a third-order truncation of the Chapman–Enskog
expansion.25 The particle distribution function is solved on a Cartesian
mesh, known as a lattice. An explicit time integration and a collision
model are used, where the formulation based on a unique Galilean
invariant is employed. Moreover, the equilibrium distribution of
Maxwell–Boltzmann has been adopted.25

A very-large eddy simulation (VLES) model is implemented to
take into account the effect of the sub-grid unresolved scales of turbu-
lence. Following Yakhot and Orszag,26 a two-equations k� e renorm-
alization group is used to compute a turbulent relaxation time that is
added to the viscous relaxation time. A wall model is used to approxi-
mate the no-slip boundary condition on solid walls, that is based on

the extension of generalized law-of-the-wall model taking into account
the effect of pressure gradient. These equations are solved iteratively
from the first cell close to the wall in order to specify the boundary
conditions of the turbulence model. For this purpose, a slip algorithm,
obtained as the generalization of a bounce-back and specular reflection
process, has been employed.

Far-field noise is computed using the Ffowcs-Williams and
Hawkings (FW-H) analogy.27 A forward-time solution28 of the FW-H
equation based on Farrasat’s formulation 1A,29 that is also extended
for the application on a permeable surface, has been employed.

B. Simulation setup

The simulation setup is very similar to that described in Teruna
et al.,14 which replicates the experiment of Rubio Carpio et al.10 It fea-
tures a NACA 0018 airfoil, having a chord length of c ¼ 200mm and
a span of b ¼ 80mm. The last 20% of the airfoil chord can be replaced
with a porous TE, as shown in Fig. 1. The porous TE is modeled after
a Ni-Cr-Al metal foam manufactured by Alantum. The properties of
the metal foam has been obtained empirically,19 and the relevant
parameters are reported in Table I. Based on past experimental results,
the porous insert made of metal foam with the mean pore diameter of
dc ¼ 800lm offered the best trade-off between low-frequency noise
attenuation and high-frequency excess noise,10 and thus, this insert
has been selected for the present study.

The porous insert is modeled using two layers of equivalent fluid
regions. The APM (acoustic porous medium) model is applied at the
outer layer, and PM (porous medium) model for the inner one. Both
models are governed by the Darcy’s law extended to include the
Forchheimer’s term. More details on the porous medium models can
be found in Refs. 14 and 30. The APM layer follows the surface outline
of the airfoil with a constant thickness of 1mm, except at the last
0:005c of the airfoil chord where the local thickness is less than 1mm.
The PM region occupies the remaining volume underneath the APM
layer. The multi-layer approach has been adopted to circumvent the
need to specify the variation of resistivity (RV and RI) in the porous
medium region depending on the thickness of the porous insert.
This is achieved by isolating the outer layer, where the entrance effect

FIG. 1. The NACA 0018 with solid and porous TE. The inset shows the arrange-
ment of multi-layer porous medium regions for porous TE cases.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 055132 (2021); doi: 10.1063/5.0047512 33, 055132-2

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


is strongly present, from the inner one that is dominated by the bulk
effect.31,32 To be specific, the entrance effect becomes more relevant as
the porous medium thickness becomes comparable to the pore size,
and it is mainly responsible for causing the overall resistivity value to
vary with the porous medium thickness.31 The porous medium region
dominated by the entrance effect is referred to as the entrance length,
which is approximately equal to the pore diameter for metal foams.33

Underneath the entrance length, the bulk effect becomes more domi-
nant, where the local resistivity no longer varies with porous medium
thickness. The APM-PM combination has been verified in the past by
the authors.14

Two freestream velocities have been chosen, U1 ¼ 20 and
40 m/s, which correspond to chord-based Reynolds numbers of Rec
¼ 2:7� 105 and Rec ¼ 5:4� 105, respectively. The freestream
approaches the airfoil that is installed at an angle-of-attack (AoA) of
7.8�, which has been chosen to realize a high-lift condition without
causing flow separation near the trailing-edge region. In addition, the
authors will also refer to their previous work14 in which the airfoil is
installed at zero AoA and U1 ¼ 20m=s, particularly where the effect
of AoA is of interest. The list of the airfoil configurations and flow set-
tings is shown in Table II.

To force boundary-layer transition, spanwise zigzag strips34

have been installed on both sides of the airfoil at 20% of the chord
length from the leading edge (LE). The zigzag trip height is
ttrip ¼ 0:003c ¼ 0:6 mm, while the amplitude is ctrip ¼ 0:015c
¼ 3mm and the wavelength is ktrip ¼ 0:015c ¼ 3mm. The tripping
devices are the same as those in a previous investigation on a similar
airfoil setup.8 Although a different tripping technique was employed
in the experiment,19 it will be verified later that this does not signifi-
cantly affect the acoustic characteristics of the airfoil in the frequency
range where the noise attenuation caused by the porous TE is present.

The sketch of the computational domain is shown in Fig. 2. As
indicated in Fig. 1, the origin of the coordinate system is the mid-span
of the trailing edge. The x axis (streamwise direction) is aligned with
the airfoil chord, the z axis with the airfoil span, and the y axis (vertical
direction) is perpendicular to the others. Thus, the airfoil leading edge
is located at x=c ¼ �1 and the trailing edge at x=c ¼ 0. A rectangular
computation domain has been defined around the origin of the coor-
dinate system, with the dimension of 100c in both x and y directions
and b in the spanwise direction. Periodic boundary conditions are
applied on the lateral faces of the simulation domain, while the other
boundaries are specified as pressure and velocity inlet. Note that

PowerFLOW allows an inlet boundary to behave as a fluid outlet
depending on the numerical solution. An acoustic sponge region is
specified, starting from a radius of 36c from the origin, to mitigate
acoustic reflection at the domain boundaries. The computational
domain is divided into 10 grid refinement regions where local voxel
dimension is allowed to vary by a factor of 2 between adjacent regions.
The highest voxel resolution region is applied surrounding the airfoil
surface. At the finest voxel resolution setting, the voxel size at the air-
foil surface is 3:9� 104c, which guarantees that there are at least 10
grid points across the APM layer30 of the porous trailing edge.

The discretization results in a total of 218� 106 and 293� 106

voxels inside the simulation domain for the solid and porous trailing
edge cases, respectively. The simulation has been carried out for 20
flow passes, excluding the initial transient, during which pressure fluc-
tuations on the surface and on the permeable FW-H surface are sam-
pled at 75 kHz for far-field noise computations. The simulations have
been run in the servers of Delft University of Technology with the
porous TE case requiring a total of 38 400 CPU hours (i.e., processing
time) on a 480-core Xeon Gold 6130 platform.

C. Grid independence study and validation

In this manuscript, grid independence study and validation are
shown only for the 7.8� AoA cases, while the zero AoA ones can be
found in Ref. 14. A grid independence study has been carried out using
different resolution levels based on the number of voxels along the air-
foil chord: 640 (coarse), 1280 (medium), and 2560 (fine). Hence, the
grid refinement ratio is 2 between resolution levels and it is applied
uniformly throughout the simulation domain. At the finest grid reso-
lution level, the yþ values at x=c ¼ �0:01 for the solid TE case are
4.43 and 1.52 at the pressure side (PS) and suction side (SS), respec-
tively, for U1 ¼ 40m=s, while for U1 ¼ 20 m=s, they are 2.08 and
0.77, respectively. For the sake of brevity, only the results at the higher
velocity are presented in several figures, especially since the variation
of yþ value with grid resolution setting is larger compared to that of
the lower velocity case. Nevertheless, it has been verified that similar
trends are found at U1 ¼ 20 m=s.

TABLE I. The properties of Ni-Cr-Al metal-foam as reported by Rubio Caprio et al.10

dc—mean pore diameter; /—porosity; K—permeability; C—form coefficient.

dc (lm) /ð%Þ K (m2) C (m�1)

800 91.65 2.7� 10�9 2613

TABLE II. List of airfoil configurations and flow settings.

Type U1 (m/s) Angle-of-attack (AoA)

Solid and porous TE 20 7.8� (present), 0� (Ref. 14)
Solid and porous TE 40 7.8� (present)

FIG. 2. A sketch of the computational domain. The domain boundaries are not
drawn to scale.
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In Fig. 3, the influence of the grid resolution settings on the mean
surface pressure and skin friction coefficient is presented. Note that
the discontinuity caused by the zigzag strip has been omitted from the
plots and replaced with spline interpolation. The Cp distribution does
not seem to be sensitive with respect to the different grid resolution
levels. Discrepancies are more noticeable when comparing the Cf dis-
tribution, although this is expected since Cf values are based on the
velocity gradient at the wall, which can only be accurately resolved
with sufficiently fine wall-adjacent grid resolution. The figure shows
that Cf plots for the medium and fine resolution settings produce a
very good convergence behavior.

Since boundary layer quantities near the trailing edge are the
most relevant for noise generation,35,36 they are examined in Fig. 4.
Without sufficient grid resolution, the mean velocity at the inner
boundary layer region is generally overestimated compared to that at
higher resolution, particularly at the pressure side where the boundary
layer thickness is smaller. The simulation using the coarse grid also
underestimates the turbulence intensity in the boundary layer, evi-
denced by the overall lower pRMS. As mentioned in the authors’ previ-
ous work,14 the coarsest grid setting is insufficient to resolve the
tripping mechanism of the zigzag strip. Following this, the fine grid
setting is found to be sufficient for the rest of this investigation.

For validating the aerodynamic loading on the airfoil, the surface
pressure distribution from the simulation is compared against that
from the experiment10 as shown in Fig. 5. The plots depict the pressure
difference between the pressure side (PS) and suction side (SS) of the

airfoil (i.e., DCp ¼ Cp;PS � Cp;SS). It was observed in the experiment
that the porous TE installation has negligible effects on the pressure
distribution on the upstream part of the airfoil. This is indeed evident
in the figure for both velocity cases. It is worth mentioning that the
tripping device in the experiment is a double-sided tape with rough
carborundum particles on it, unlike the zigzag strips in the simulation.
While this has been previously shown to have minimal effect on

FIG. 3. The variation of the surface pressure distribution Cp (top row) and the fric-
tion Cf coefficients (bottom row) with grid resolution levels for U1 ¼ 40 m=s and
7.8� AoA. The distributions for solid TE are shown under column (a) and porous
TE ones under (b).

FIG. 4. Comparisons of velocity magnitude (U) and root mean square of pressure
fluctuations (pRMS) at different grid resolution levels. The values are shown for the
40 m/s cases at x=c ¼ 0:99. PS: pressure side, SS: suction side.

FIG. 5. The validation of the surface pressure difference DCp between the pressure
and suction sides of the airfoil at 7.8� AoA. Plot (a) shows the distribution for
U1 ¼ 20m=s and (b) for U1 ¼ 40 m=s.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 055132 (2021); doi: 10.1063/5.0047512 33, 055132-4

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


acoustic scattering at the TE,37 the difference might be responsible for
the slight DCp overestimation at 0:4 < x=c < 0:7.

Far-field noise predictions based on the simulation are validated
in Fig. 6. The noise spectra are shown in plots (a) for the solid TE and
(b) for the porous one. Note that the frequency axis has been made
non-dimensional as Strouhal number based on the airfoil chord
(Stc ¼ fc=U1). The plots also compare the results obtained using
either the surface FW-H approach or the permeable one. The figure
shows that both the surface and permeable FW-H results for different
TE types and velocities are almost identical in the frequency range of
interest. This implies that the dipoles at the airfoil surface are the dom-
inant type of noise sources. The spectra are then compared against
those obtained from the experiment. The spectra for the solid TE case
are generally in good agreement compared to the experiment. At lower
velocity, however, the spectra from the simulation overpredict the
experimental one above Stc¼ 16, which has been previously attributed
to the self-noise from the zigzag trip.14 The zigzag self-noise contribu-
tion is also apparent in the spectra for the porous TE case. The agree-
ment between the experiment and the simulation results for the
porous TE is slightly poorer, particularly at the low to mid frequency

range. This discrepancy might be attributed to artifacts that could arise
at the porous TE tip where the local porous material thickness is too
small to be adequately represented by the APM layer. Nevertheless,
the overall trend of the noise spectra is still captured by the simulation.

III. NOISE GENERATION FROM THE POROUS INSERT
A. Sound intensity and directivity

The far-field noise spectra and the noise reduction level produced
by the porous TE are summarized in Fig. 7; column (a) depicts the
effect of Reynolds number variation, and the angle-of-attack (AoA)
effect is given in (b). In Fig. 7(a), the spectra at 20 m/s have been scaled
following the U5

1 dependence of sound intensity produced by turbu-
lence scattering at a TE38 (e.g., the fifth power-law). To obtain the
scaled sound pressure level (SPLscaled) from the original one
(SPLoriginal), the following formula is employed:

SPLscaled ¼ SPLoriginal þ n� 10 logðU1;scaled=U1;originalÞ; (1)

where n is the scaling exponent. The scaling of the sound spectra per-
forms reasonably well for both solid and porous TE, although the dis-
crepancies for the latter are more apparent at high frequencies. In
column (b), it is revealed that the shape of the solid TE spectra varies
with AoA. Nevertheless, the general shape of the porous TE spectra
for any given AoA still resembles that of the solid TE. Considering
that the TBL-TE noise can be linked to boundary layer parameters36

FIG. 6. Comparisons of far-field noise spectra obtained using different FW-H
approaches against that from the experiment. The plots for solid TE are under col-
umn (a) and the porous TE ones are under (b). The observer location is
x=c ¼ �0:68; y=c ¼ 4:95.

FIG. 7. The comparison of far-field noise spectra and noise reduction spectra for
different TE types: (a) shows the Reynolds number effect at lifting condition, where
the spectra at 20 m/s has been scaled to match that at 40 m/s following U5

1; (b)
shows the AoA effect for U1 ¼ 20 m=s.
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on the airfoil (e.g., displacement thickness), the plot suggests that the
porous TE does not cause significant alteration to the mean flow field
but this will be further verified in subsequent sections. At 20 m/s and
7.8� AoA, the porous TE produces up to 6 dB of noise reduction at
low frequencies (Stc < 8), which is smaller compared to the average
noise reduction of 8.5 dB for zero AoA case. Increasing the velocity to
40 m/s, the noise reduction level reaches up to 7 dB in the mid

frequency range (8 < Stc < 16). Nevertheless, it is evident that for
both velocity cases, the noise attenuation level gradually becomes
smaller as the frequency increases, which is also in line with the trends
in analytical models.39,40

The noise attenuation capability of the porous TE is also reflected
in the far-field noise directivity pattern, as shown in Fig. 8. The plots
are arranged according to the chord-based Strouhal number with the

FIG. 8. Far-field noise directivity pattern at different velocity and AoA settings; 20 m/s, 0� AoA comparisons are in (a); 20 m/s, 7.8� AoA in (b); and 40 m/s, 7.8� AoA in (c).
The freestream inflow comes from 0� toward 180�.
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corresponding chord-based Helmholtz number (kc ¼ 2pM1Stc) listed
to indicate the acoustic-compactness of the airfoil at different fre-
quency ranges. Comparing the plots under (a) and (b), it is apparent
that changing the AoA causes the OSPL (overall sound pressure level)
difference between the solid and porous TE to become smaller. The
orientation of the main lobes is slightly tilted when the AoA is
increased, but the general shapes of the lobes remain unaltered. For
the Strouhal number range of Stc ¼ ½4; 8� in Fig. 8(b), the solid TE at
20 m/s is still showing a dipole-like directivity given that the airfoil is
acoustically compact (kc � 1) in this frequency range. For the 40 m/s
case, shown in Fig. 8(c), the sound directivity slightly resembles a car-
dioid shape since the Strouhal number corresponds to a higher
Helmholtz number for which the airfoil is no longer compact. Non-
compactness behavior becomes more prominent toward the high fre-
quency range [Stc¼ (16, 32)] as multiple lobes can be identified in the
sound directivity pattern. Nonetheless, increasing the Reynolds num-
ber does not appear to affect the tilt angle of the lobes. In general, the
porous TE produces equal amount of noise attenuation toward both
the upper and lower sides of the simulation domain, although a closer
look reveals that the noise reduction level is relatively higher in the
upstream direction, causing the directivity lobes of the porous TE to
shift back toward the shape of a compact dipole. A similar trend has
been observed for a perforated plate by Cavalieri et al.40 and for a per-
meable slitted TE by Delfs et al.18

B. Sound source analysis

To further examine the sound source distribution on porous and
solid TE, the airfoil is segmented into smaller regions whose far-field
noise contributions are quantified. This analysis is based on the con-
cept of partial-surface FW-H (PSFWH) integration. The reliability of
the PSFWH approach relies on two conditions: (1) dipoles at the sur-
face of a solid body are the only relevant noise sources in the system,
and (2) sound propagation from the source to the observer location is
unperturbed (e.g., there is no acoustic shielding from the environment
surrounding the source region). These conditions have been verified in
Fig. 10 where the spectra from the permeable FW-H approach have
been found to be in good agreement with the surface FW-H ones.

In Fig. 9, it is shown that the airfoil planform has been divided
into two main regions: the TE region that occupies the last 22% of the
airfoil chord and the leading edge (LE) region that consists of
�1 < x=c < �0:22. Hence, the airfoil with the porous TE has two
locations where surface discontinuity is present. The one at x=c

¼ �0:22 will be referred to as the “solid-porous junction,” while the
actual TE location (x=c ¼ 0) is referred to as the “TE tip,” in order to
avoid confusion. The observer location for this analysis is the same as
that for obtaining the noise spectra in Fig. 7 (i.e., x=c ¼ �0:68;
y=c ¼ 4:95). The same technique has been employed by the authors
to study the zero AoA cases in the past.14

Figure 10(a) compares the noise spectra produced by the entire
airfoil surface with that from the TE region (�0:22 < x=c < 0), and it
is clear that the latter dominates across the majority of the frequency
range of interest. This plot confirms that the TE region is indeed the
location where the dominant noise sources are present across the
majority of the frequency range of interest. However, the TE contribu-
tion is noticeably lower than the total SPL at both the lower and higher
ends of the spectra. At low frequencies, the noise from the airfoil also
includes the contribution of the LE back-scattering41 which becomes
relevant when the airfoil is acoustically compact. On the other hand,
the discrepancy in the very high frequency range can be associated
with the self-noise contribution of the zigzag trip.42 While the plot

FIG. 9. The segmentation of the airfoil planform for far-field noise contribution anal-
ysis. The trailing edge strips cover the last 22% of the airfoil chord.

FIG. 10. (a) The comparison between the spectra of noise contribution from the TE
region (�0:22 < x=c < 0) and the total (�1 < x=c < 0) at 40 m/s. The effects
of AoA and Reynolds number on the noise contribution from the TE region are
shown in (b) and (c), respectively. In (b), the SPL at 20 m/s has been scaled to 40
m/s following U5

1 for solid TE and U5:7
1 for porous TE.
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shows only the 40 m/s cases, the spectra at 20 m/s exhibit relatively
similar behavior, although the effect of LE back-scattering can be
found over a larger proportion of the low Strouhal number range given
the lower Helmholtz number.

The spectra of the noise contribution from the TE region are
shown in Figs. 10(b) and 10(c). The effect of AoA on the TE noise is
depicted in plot (b). For the solid TE, discrepancies are present in the
spectra between 4 < Stc < 16, which is due to the frequency shift in
the noise produced by the pressure (low frequency component) and
suction sides (high frequency component) of the airfoil.36 The same
effect is also present in the porous TE case, which results in the convex
shape of the spectra at 6 < Stc < 12. From this plot, it can be inferred
that the porous TE becomes slightly less efficient when the AoA is
increased. It is possible that this behavior is related to the increased
turbulence scales at the airfoil suction side at higher AoA, considering
that a sufficiently large ratio between the porous TE chordwise extent
and the streamwise turbulence length scales in the boundary layer is
necessary to mitigate noise effectively.13,43

In Fig. 10(c), the spectra at 20 m/s have been scaled to 40 m/s fol-
lowing the acoustic intensity dependence38,44 on freestream velocity.
To produce the best fit, a U5

1 scaling is applied for the solid TE, and
U5:7
1 for the porous TE; similar fit has been found in the experiment of

Carpio et al.13 The higher scaling exponent for the porous TE has also
been observed in analytical studies,39 indicating that the porous TE
has lower scattering efficiency compared to the solid one. As a

consequence, it can be argued that the discrepancies in the scaled noise
spectra of the porous TE in Fig. 7(a) are mainly due to the difference
in the noise contribution from the airfoil main body. For instance, this
can be attributed to LE back-scattering, which is more relevant for the
lower velocity case since the airfoil chord remains acoustically compact
(i.e., based on the condition45 ofM1 Stc < 1) up to Stc¼ 17 at 20 m/s
but only up to Stc ¼ 8:5 at 40 m/s.

It has been reported that the porous TE attenuates noise by mod-
ifying the phase relationship of the dipole sources that are distributed
along its surface.14 To study how this mechanism is affected by the dif-
ferent flow conditions, the TE region is divided further into 11 smaller
areas (strips), each with the chordwise extent of 0:02c as shown in
Fig. 9, and the noise contribution of each strip is quantified. It has
been verified that using a larger number of strips does not alter the
observed trends. Figure 11 shows the cumulative sum of the noise con-
tribution of multiple strips starting from x=c ¼ 0. The effect of
Reynolds number is considered in (a), while the effect of AoA is shown
in (b). The cumulative SPL plots allow for identifying the phase rela-
tion between one strip and the others.14 For instance, a positive gradi-
ent indicates that the newly added strip is in-phase with respect to the
sum of the previous ones, while an out-of-phase relationship would
lead to a flat or negative gradient. In plot (a), where values at different
velocities are compared, SPL values at 20 m/s have been scaled to 40
m/s following U5

1 and U5:7
1 dependence for solid and porous TE,

respectively.

FIG. 11. The cumulative sum of sound pressure produced by each strip with a descending order (i.e., starting from the TE tip). In (a), the values at 20 m/s has been scaled to
match that at 40 m/s following U5

1 for solid TE and U5:7
1 for porous TE, respectively. The effect of AoA for the 20 m/s cases is shown in (b).
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At the lowest Strouhal number range in Fig. 11(a), the cumulative
SPL of the solid TE trends sharply upward until x=c ¼ �0:05, which
indicates that noise is mainly generated near the TE tip. Interestingly,
the cumulative SPL values at x=c ¼ 0 for the porous TE are higher
than their solid counterpart, implying that the local source intensity at
the TE tip is stronger for the porous TE. Further upstream, however,
the cumulative SPL curves of the porous TE flatten out, unlike those of
solid TE that still trend upward. This implies that the strips on the
porous TE tend to be out-of-phase relative to each other, and the
resulting phase interference between the different strips on the porous
TE leads to noise reduction.14 Although the cumulative SPL value of
the porous TE at the TE tip (x=c ¼ 0) is higher for the 40 m/s case,
the difference at the solid-porous junction decreases to around 1dB.
This suggests that the phase interference effect on the porous TE sur-
face also adapts with the different flow condition; the same behavior is
also present at higher Strouhal number ranges. Nevertheless, the plot
also suggests that the scattering at the TE tip of the porous TE tends to
become more intense at higher Reynolds number as the cumulative
SPL value near x=c ¼ 0 for the 40 m/s case is higher than the one at
20 m/s. The effect of AoA is examined in Fig. 11(b). The plot shows
that the cumulative SPL of the solid TE is shifted to a lower level at
low and mid frequency ranges (4 < Stc < 16) for the higher AoA
case, but the overall trends remain comparable. The same shift is also
present for the porous TE cases, but with a much smaller proportion.
As a result, the noise attenuation level of the porous TE becomes lower
for the larger AoA case, although the phase interference effect is clearly
present in the porous TE cases since their cumulative SPL curves tend
to flatten further away from the TE tip.

Following Fig. 11, it is possible to conclude that the noise reduc-
tion mechanisms of the porous TE remain identical at different flow
conditions, at least within the present range of AoA and Reynolds
number. The metal-foam TE in the present investigation has a lower
scattering efficiency compared to the solid one11,19 due to the modifi-
cation of phase relationships among noise sources at the porous
medium surface; this mechanism has also been implied in several ana-
lytical studies.40,46 The noise attenuation capability of the porous TE
has been previously associated with the interaction between surface
pressure fluctuations across the porous TE, which is referred to as the
pressure release process.18,19 It would be necessary to investigate the
effects of Reynolds number and angle-of-attack on the flow field sur-
rounding the porous TE to understand their implications on the
acoustic characteristics that have been discussed in this section.

IV. FLOW FIELD DESCRIPTIONS
A. Boundary layer visualization and statistics

Vortical structures in the turbulent boundary layer can be visual-
ized using the k2 criterion,

47 which allows for qualitative examination
of the flow field. Figure 12 shows the instantaneous iso-surfaces of the
k2 over the airfoil at 40 m/s and 7.8� AoA. Although they are not
shown here, the iso-surfaces at 20 m/s exhibit similar behaviors. The
figure clearly depicts the boundary layer transition process induced by
the zigzag strips. Hairpin-like vortical structures can be observed in
the wake of the zigzag strips. As these vortices travel past the mid-
chord, they gradually evolve into flow structures that appear to be
elongated along the streamwise direction. Turbulence production is
also more prominent on the suction side than the opposite as the
adverse pressure gradient along the former is stronger. Nonetheless,

the figure does not show any noticeable difference in the boundary
layer transition process between solid and porous TE.

The effects of the porous TE on the turbulent boundary layer are
examined more closely in Fig. 13. Two flow quantities are shown in
each row: the time-averaged wall-parallel velocity component U and
the root mean square value of the Reynolds stress ðuvÞRMS. The
boundary layer profiles are taken at 3 locations: (1) upstream of
the solid-porous junction (x=c ¼ �0:23), (2) middle segment of the
porous TE (x=c ¼ �0:13), and (3) near the porous TE tip
(x=c ¼ �0:03). The vertical axes represent the normal distance away
from the wall, with the positive and negative values correspond to
those for suction and pressure sides of the airfoil, respectively. The
boundary layer at the third location is also plotted in terms of
wall dimensions in Fig. 14, in which Uþ ¼ U=Us and ðuvÞþ
¼ ðuvÞRMS=U

2
s where Us is the friction velocity. The friction velocity

for the porous TE is different from the solid TE one as the former does
not have a no-slip condition at the surface, but for the sake of compar-
ison, Us for the solid TE case under each flow setting is also used for
the porous TE case.

When the airfoil is at a lifting condition, the boundary layer
grows at a faster rate along the suction side due to the stronger adverse
pressure gradient, which also causes the mean velocity profile to inflect
inward (i.e., flow deceleration) along the inner region of the boundary
layer.48 The same phenomenon is also evident in Fig. 14(a), where the
log-law region at the suction side deviates from that of the zero AoA
case, unlike the one at the pressure side where the pressure gradient is
milder. In general, the U and ðuvÞRMS profiles of the solid and porous
TE are identical at locations upstream of the solid-porous junction
(i.e., x=c < �0:2). This is in line with experimental observations that
the porous TE only affects the flow field locally.12 Further downstream,
the porous insert introduces a mean velocity deficit along the inner
part of the boundary layer, indicating an increased friction along the
porous wall,49 which is also evident in Fig. 3 previously. The velocity
deficit is more prominent at the inner region of the boundary layer,
particularly below yþ ¼ 100, while the wake layer is virtually undis-
turbed. These phenomena are also reflected in the enhanced peak
intensity in the Reynolds stress profile. Looking at the ðuvÞRMS profile
of the porous TE at x=c ¼ �0:03, the increase in Reynolds stress level
becomes more prominent for the higher Reynolds number case as the
location of the peak ðuvÞRMS level is closer to the surface. Since the
higher ðuvÞRMS level also indicates the generation of stronger pressure
fluctuations beneath the boundary layer,50,51 this might be the reason
for the higher noise source intensity on the porous TE compared to its
solid counterpart (see the cumulative SPL values near x=c ¼ 0 in
Fig. 11). It is also possible to deduce that the influence of the porous
TE on turbulent fluctuations in the boundary layer depends on the
proximity of the turbulent eddies from the porous medium surface.

When an airfoil with a porous TE is installed at a lifting condi-
tion, the pressure difference between the suction and pressure sides at
the TE region may cause a mean cross-flow that could affect the turbu-
lent boundary layer. To verify this, flow information inside the porous
medium region are shown in Fig. 15. Note that the velocity compo-
nents are aligned with the freestream direction, and the corresponding
coordinate system is shown underneath each contour. The figure evi-
dence that a mean cross-flow is almost nonexistent inside the porous
medium given that the mean vertical velocity V is relatively small (i.e.,
jV j < 0:005U1). The same conclusion can be inferred from the Cp
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contours, which shows that the static pressure variation in the vertical
direction is smaller compared to that in the streamwise direction. This
can be related to Fig. 5, where it has been depicted that the pressure
difference between the opposite sides of the NACA 0018 airfoil is
almost zero at the last 10% of the chord. The velocity vectors that are
plotted on top of the mean streamwise velocity U contours show that
the flow field mainly enters the porous medium at the downstream
half of the TE, recirculates, and later exits near the solid-porous junc-
tion. Such recirculation tendency has also been found previously for
the zero AoA case,14 and it can be considered to be driven by the
streamwise adverse pressure gradient that is shown in the Cp contours.
As a consequence, this mechanism enhances the velocity gradient at
the porous medium surface, and in turn, wall friction coefficient on
the porous TE previously shown in Fig. 3.

Large velocity fluctuations (i.e., vRMS > 0:01U1) inside the
porous medium can still be found near the surface as depicted in the
vRMS contours. The vRMS level also tends to increase toward the porous
TE tip since the flow resistance is proportional with the local thickness
of the porous medium. Higher vRMS values can be found further into

the porous medium at the pressure side, since the turbulent eddies are
convected closer to the wall compared to those at the opposite side.
This is particularly more apparent for the 40 m/s case due to the more
significant enhancement of the Reynolds stress level as shown in Fig.
13. The Reynolds stress, which represents the momentum transport by
turbulent motion, is initially higher on the suction side near the solid-
porous junction. Toward the TE tip, however, the Reynolds stress level
on the pressure side becomes comparable to that on the suction side,
in addition to the location of the peak being closer to the porous
medium surface. Therefore, the increase in ðuvÞRMS on the porous TE
is mainly the consequence of momentum transfer in the wall-normal
direction at the porous medium interface.52 Differently in the case of
solid TE, the peak ðuvÞRMS intensity at the pressure side remains lower
compared to that at the suction side.

B. Pressure fluctuations characteristics

Considering that surface pressure fluctuations directly influence
TBL-TE noise generation,35,36,53 it is interesting to observe how they

FIG. 12. Instantaneous iso-surface of k2 ¼ �4� 107s�2 at U1 ¼ 40 m=s and 7.8� AoA, colored with the contour of non-dimensional velocity magnitude kUk=U1. The
solid TE iso-surface is shown under column (a) and those for porous TE under (b).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 055132 (2021); doi: 10.1063/5.0047512 33, 055132-10

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


are affected by the porous TE. The surface pressure fluctuations spec-
tra Spp are presented in Figs. 16 and 17. Additionally for the porous
TE, contours are plotted at several depth ratios y/d, where d equals to
half of the local porous medium thickness. Thus, the porous TE sur-
face corresponds to y=d ¼ 1 and y=d ¼ 0 is located along the chord
line.

Figure 16 shows the pressure fluctuations spectra for the zero
AoA cases. On the solid TE, pressure fluctuations increases toward the
TE tip as the boundary layer grows. The Spp level on the porous TE is
relatively similar to the solid one upstream of the solid-porous junc-
tion (0 x=c < �0:2), but it increases substantially further downstream.
This is related to the enhanced ðuvÞRMS level as depicted in Fig. 13(a).
When a positive AoA is applied in Fig. 17(a), the surface pressure fluc-
tuations of the porous TE become more closely resembling that of the
solid TE, although a more noticeable increase in Spp level can be found
along the pressure side. This is due to the pressure-carrying eddies,
indicated by the peak ðuvÞRMS in Fig. 13, on the suction side being
convected further away from the surface as the boundary layer
approaches the TE tip. On the other hand, the peak ðuvÞRMS position
on the pressure side does not vary substantially, despite the increasing
Reynolds stress level as the boundary layer grows.

FIG. 13. Comparison of boundary layer profiles for solid and porous TE, depicting
the mean wall-parallel velocity U and the root mean square of Reynolds stress
ðuvÞRMS. The profiles are plotted along the local wall-normal direction; 20 m/s, 0�

AoA comparisons are in (a); 20 m/s, 7.8� AoA in (b); and 40 m/s, 7.8� AoA in (c).

FIG. 14. U1 and ðuvÞRMS profiles at x=c ¼ �0:3 plotted in non-dimensional form
based on wall dimensions [Uþ and ðuvÞþ]. The plots depicting the AoA effect are
in (a), and the Reynolds number ones in (b).
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Overall, the surface pressure fluctuations level is higher on the
porous TE than on solid TE as a result of the stronger flow shear
due to surface permeability. This can be considered the reason
behind the higher cumulative SPL values of the porous TE near the
TE tip (x=c ¼ 0), particularly at low frequencies [see Fig. 11,
Stc¼ (4, 8)]. However, the pressure fluctuations level drops signifi-
cantly inside the porous TE. Averaged along the upstream half of
the porous TE extent (�0:2 < x=c < �0:1), the Spp level along the
chord line of the porous TE is 12 dB lower than that at the surface.
This difference decreases to around 5 dB at the last 4% of the airfoil
chord where the local thickness is relatively small (e.g.,

approximately twice the pore diameter). Hence, there might be a
limited segment of the porous TE where the pressure release pro-
cess (i.e., the interaction of surface pressure fluctuations across the
porous TE), which is responsible for noise mitigation,18,19 can
occur effectively.

In order to determine the chordwise extent in which the
pressure release process can be found, a coherence analysis
between the pressure fluctuations at the suction and pressure
sides of the airfoil has been conducted, and the results are shown
in Fig. 18. Pressure fluctuations are sampled at the airfoil surface
for the solid TE, while for porous TE, they are sampled at the
interface of the APM layer. The magnitude-squared coherence c2pp
contours are shown on the left side, and the contours the phase
angle App in term of its cosine are given on the right side. c2pp is
defined as follows:

c2ppðf ;DxÞ ¼
jCppðf ; yss; ypsÞj2

jCppðf ; yss; yssÞjjCppðf ; yps; ypsÞj
; (2)

Cðf ; x; yss; ypsÞ ¼
ðT
0
Rðx; yss; yps; tÞe�j 2pftdt

¼ jCðf ; x; yss; ypsÞj cos Aðf ; x; yss; ypsÞ
� ��

þj sin Aðf ; x; yss; ypsÞ
� ��

; (3)

where Cðf ; x; yss; ypsÞ is the cross-power spectral density, at a given
chordwise position x, of pressure fluctuations at the suction side yss
and the pressure side yps of the airfoil. The cross-spectral phase angle
is denoted as A(f, x). j is equal to

ffiffiffiffiffiffi
�1
p

. c2ðf ; xÞ is computed using a
periodogram method with Hanning window and 50% overlap, result-
ing in a frequency resolution of Df ¼ 100Hz (i.e., DStc ¼ 1 at 20 and
DStc ¼ 0:5 at 40 m/s).

FIG. 15. The lateral view of the porous TE overlaid with contours of time-averaged
streamwise and vertical velocity components (U and V, respectively), time-
averaged pressure coefficient Cp, and the root mean square of vertical velocity fluc-
tuations (vRMS) inside the porous medium region at 7.8� AoA. Column (a) corre-
sponds to U1 ¼ 20 m=s, and (b) for U1 ¼ 40 m=s. Mean velocity vectors are
drawn as red arrows in the U contours, but their length is not to scale with the local
velocity magnitude. External fluid region is masked in gray color.

FIG. 16. Contours of spanwise-averaged pressure fluctuations spectra Spp along
the last 20% of the airfoil chord (0� AoA). For porous TE, the contours are plotted
for different depth ratio y/d. Spp has been normalized against freestream dynamic
pressure q21.
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As expected, the impermeable surface of the solid TE prevents
any coherence between pressure fluctuations on the opposite sides of
the airfoil. On the other hand, the porous TE shows an increasing
coherence level toward the TE tip, particularly at x=c > �0:04. This
trend is also reflected in the cosðAppÞ contours, where areas with
higher coherence level also tend to have positive phase angle. As such,
the pressure release process results in gradual phase equalization of the
pressure fluctuations as they flow past the TE tip. Following the analyt-
ical model of Chase,3 this mechanism would realize a milder acoustic
scattering. The pressure release process is interpreted by the acoustic
analogy as a modification of the phase relationship between the noise
sources that are distributed along porous TE, which leads to the phase
interference effect observed in the cumulative SPL plots (Fig. 11) ear-
lier. Such mechanism is expected to be more effective for addressing

the low frequency range where the airfoil is acoustically compact (i.e.,
when the dipole sources at the airfoil surface are strongly in-phase44),
which could be a reason for the noise attenuation level of the porous
TE being generally higher in the low frequency range.

Considering that a porous TE allows for a finite wall-normal
velocity at its surface, the pressure release process can also be exam-
ined by performing a correlation analysis on the wall-normal velocity
fluctuations,19 which is shown in Fig. 19. In addition, the correlation
curve is compared to the ratio between the pore diameter and the local
airfoil thickness (dc=h) to determine a link between the pressure
release process and the TE geometry. The figure confirms that the
pressure release process cannot take place in the solid TE. Conversely,
the porous TE shows a dramatic increase in correlation level as the
local TE thickness approaches the mean pore diameter of the metal-

FIG. 17. Contours of spanwise-averaged pressure fluctuations spectra Spp along the last 20% of the airfoil chord (7.8� AoA). For porous TE, the contours are plotted for differ-
ent depth ratio y/d; for pressure side plots, the y/d direction is reversed. Spp has been normalized against freestream dynamic pressure q21.
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foam. The correlation curves appear to be similar for the different
Reynolds numbers and AoA settings. Hence, this suggests that the effi-
cacy of the pressure release process depends mainly on the porous
material properties and the TE geometry, at least within the present
range of AoA and Reynolds numbers. Despite this, Figs. 7 and 10 sug-
gest that the pressure release process is the most effective in the zero
AoA case due to the turbulent boundary layers on both sides of the TE
having similar characteristics.

Both Figs. 18 and 19 suggest the pressure release process takes
place efficiently at the last 25% of the porous TE extent (i.e., 5% of the
chord length), and consequently, the segment further upstream plays a
relatively minor role in noise attenuation. This is consistent with
recent observation of Carpio et al.13 where a perforated TE insert with
variable chord extent was tested on a NACA 0018 airfoil. As the
porous extent was increased up to the last �5% of the airfoil chord,
the noise attenuation level rose sharply. Further increasing the porous
extent beyond �10% yielded almost no additional noise attenuation
level. This trend has also been observed for other types of porous
inserts with different permeability. As a practical consequence, it is
conjectured that the application of the porous insert on an airfoil with
a more slender shape near the TE tip would produce larger noise miti-
gation, provided that the incoming boundary layer properties are kept
similar. However, this capability would be more susceptible to AoA
variation as a porous medium with smaller thickness is less effective at
preventing cross-flow between the opposite sides of the porous insert.

The pressure field beneath the boundary layer is mainly produced
by eddies at convective wavenumber50,54 that is proportional to f =Uc,
where Uc is the convection velocity. Ananthan et al.11 argued that the
porous TE promotes a lower convection velocity that can be related to
noise attenuation. To verify this, the convection velocity at the trailing
edge region is computed using a space-time correlation of surface
pressure fluctuations Rpp as follows:

RppðDx;DtÞ ¼
hpðx; tÞpðx þ Dx; t þ DtÞiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hp2ðx; tÞi

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hp2ðx þ Dx; t þ DtÞi

p ; (4)

FIG. 18. The spatial distribution of magnitude-squared coherence of surface pressure fluctuations c2pp at the airfoil surface and the corresponding phase angle App between the
suction and pressure side. The contours shown are for 7.8� AoA cases at U1 ¼ 20 m=s (a) and U1 ¼ 40 m=s (b).

FIG. 19. The correlation coefficients of vertical velocity fluctuations rvv between the
suction and pressure sides of the airfoil. The secondary vertical axis (in blue) shows
the ratio between the mean pore diameter of the metal-foam dc and the local airfoil
thickness h. The effect of AoA is shown in (a), and Reynolds number in (b).
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where pðx; tÞ is the surface pressure fluctuations at a given location
x and at time t, and Dx and Dt are the spatial and temporal separa-
tions, respectively. The contours of correlation coefficient are pro-
vided in Fig. 20 with the reference location at x=c ¼ �0:1 (i.e.,
halfway between the solid-porous junction and the TE tip). The
convection velocity Uc can be obtained by sampling maximum Rpp
values at different Dx and Dt, such that Uc ¼ Dx=Dt. The Uc is
reported above each plot and it is represented as red dashed-line in
the contour.

The figure evidences that the porous TE lowers the convection
velocity in comparison with its solid counterpart, with larger discrep-
ancies found at the pressure side. The boundary layer profiles in Fig.
13 can be used to interpret this observation. Since the dominant
pressure-carrying eddies are found where ðuvÞRMS is the highest,50,51

the local streamwise velocity, where the ðuvÞRMS peak is found in the
boundary layer profile, would be equal to the convection velocity. In
Figs. 13(b) and 13(c), the ðuvÞRMS peak at the pressure side of the
porous TE is generally located closer to the wall in comparison with
that of the solid TE, implying a lower convection velocity. On the suc-
tion side, the shift in the ðuvÞRMS peak location is less prominent, but
the porous TE also introduces streamwise velocity deficit that also low-
ers the resulting Uc. Since the convection velocity on the porous TE is
smaller than the solid TE one, the noise produced by the eddies is
shifted to lower frequencies. Thus, for the porous TE, eddies that are

responsible for noise generation for a particular frequency range are
those of higher wavenumber that is generally weaker compared to its
lower wavenumber counterpart. While this could contribute toward
noise attenuation, the effect can be considered to be minor, since based
on Fig. 10(c), a good fit between the spectra of solid and porous TE
can be achieved only through shifting the frequency scale by more
than 100%. On the contrary, the largest difference in Uc between the
solid and porous TE in Fig. 20 is around 20%.

Following Amiet’s model,35 a reduction in the spanwise correla-
tion length would result in noise attenuation, which could be the case
for the porous TE. To verify this for the present cases, the spanwise
correlation length of surface pressure fluctuations Lzpp is computed as
follows:

Lzppðf Þ ¼ lim
Dz!1

ðDz

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2ppðf ;DzÞ

q
dz; (5)

where c2pp is the magnitude-squared coherence of surface pressure fluc-
tuations between a reference location and another that is separated by
Dz along the spanwise direction. c2pp is computed using the same pro-
cedure as in Eq. (2). However, due to the limited simulation time, the
correlation decay for Dz !1 is not always achieved at low frequen-
cies. As an alternative, the coherence function is fitted to an exponen-
tial function55,56 as in the following:

FIG. 20. Contours of spatiotemporal correlation coefficient of surface pressure fluctuations Rpp for the 7.8� AoA at U1 ¼ 20 m=s (a) and U1 ¼ 40 m=s (b). The refer-
ence location is at x=c ¼ �0:1, marked by the red cross at the center of each contour. The gradient that corresponds to the convection velocity Uc is plotted as red
dashed-line.
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cppðf ;DzÞ ¼ e
� jDzj

Lzppðf Þ: (6)

Lzpp values from Eq. (6) are averaged across 3 frequency bands as
in Fig. 11. This procedure is repeated for 2 additional reference span-
wise locations that are 0:05c apart from the TE midspan to obtain the
spanwise-averaged results, which are shown in Fig. 21. In plot (a), the
correlation length tends to increase toward the TE tip as the boundary
layer becomes thicker. Interestingly for the porous TE, its Lzpp values
become smaller than the solid TE ones near x=c ¼ �0:1, but both TE
types show relatively similar correlation lengths near the TE tip.
Increasing the AoA in plot (b), the Lzpp values become larger, especially
for the low frequency band [Stc¼ (4, 8)]. However, the difference
between the solid and porous TE becomes less prominent at this
inflow condition. Similar behaviors can be found for the higher
Reynolds number case in plot (c). Thus, it is possible to conclude that
the spanwise correlation length is not substantially affected by the
presence of the porous TE, and it does not play a major role in noise
attenuation.

C. Aerodynamic forces

Applying permeability on lifting bodies has been reported in lit-
erature9,12,17 to lower aerodynamic performance. Following this, it
would be interesting to quantify the impact of the metal-foam TE on
the aerodynamic performance of the present NACA 0018 airfoil, par-
ticularly in regard to the lift reduction which has yet to be addressed in
the authors’ previous work.14 The airfoil lift coefficient Cl is computed
by integrating the time-averaged surface pressure coefficient Cp, previ-
ously shown in Figs. 3 and 5, along the airfoil surface as follows:

Cs ¼
ð
l
Cp � s dl;

Cn ¼
ð
l
Cp � n dl;

Cl ¼ Cn cosðaÞ � Cs sinðaÞ;

(7)

in which Cs and Cn are force coefficients in the tangential (s) and nor-
mal (n) direction relative to the chord line, respectively, while l is an
infinitesimal segment of the airfoil surface curvature.

The airfoil drag is computed using a wake survey method,57

which is described in the following:

Cd ¼ 2
ð1
�1

1� UðyÞ
U1

� �
UðyÞ
U1

� �
dy; (8)

where U(y) is the time-averaged streamwise velocity component along
the freestream-normal (y) direction. The limit of the integration is
such that U(y) is sampled in between �2:5 < y=c < 2:5, for a period
of 10 flow passes. Subsequently, the drag coefficient is computed at dif-
ferent positions downstream of the airfoil to ensure that changing the
wake survey position does not significantly affect the result. This is
shown in Fig. 22, where the variation of Cd up to x=c ¼ 10 has been
presented. The plot shows that Cd is overestimated when the wake
rake is close to the TE, but the value tends to converge at large x/c. The
drag coefficients are subsequently averaged between 4 < x=c < 10.
Spanwise-averaging of both lift and drag coefficients is carried out to
further improve statistical convergence.

The lift and drag coefficients of the airfoil are reported in Fig. 23.
It is clear that the porous TE produces lower aerodynamic efficiency.
Rounded to the nearest percentage, the lift reduction is almost 2%,
while the drag increase is around 5%. Considering that the drag coeffi-
cient obtained from the simulation represents an optimistic prediction
due to the neglected surface roughness effect, the porous TE appears
to introduce more noticeable adverse impact on drag rather than lift.
Nevertheless, it is likely that this trend depends on the airfoil profile
and the flow incidence. For present configurations, the surface pres-
sure difference across the porous TE is relatively small, and as a conse-
quence, the airfoil lift is only affected slightly. The loss of lift could
become more severe for an airfoil whose DCp (pressure difference
between the opposite sides of the airfoil) remains substantial near the
TE region. This may be the case, for instance, with DU-96 airfoils
which are widely used in wind-turbine aerodynamic studies.

V. CONCLUSION AND OUTLOOK

Numerical simulations using a lattice-Boltzmann solver,
SIMULIA PowerFLOWTM, have been performed on a NACA 0018
airfoil to investigate its turbulent boundary-layer trailing-edge (TE)
noise. Noise mitigation is achieved by replacing the last 20% of the air-
foil chord with a porous insert made of Ni-Cr-Al metal foam. The

FIG. 21. Comparison of streamwise distri-
bution of spanwise correlation length of
surface pressure fluctuations Lzpp between
the solid and porous TE at different inflow
conditions [20 m/s, 0� AoA in (a); 20 m/s,
7.8� AoA in (b); and 40 m/s, 7.8� AoA in
(c)]. For plots (b) and (c), the values at the
suction side are presented.
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metal-foam properties are obtained empirically and supplied into a
porous medium model based on Darcy’s law in the simulation. The
airfoil has a chord length of 0.2 m that is set to an angle-of-attack
(AoA) of 7.8� and tested at freestream velocities of 20 and 40 m/s.
Comparisons are also made against the zero AoA case at 20 m/s from
the authors’ previous work.

At lifting condition, the porous TE produces noise reduction of
up to 7 dB, mainly in the low to mid frequency range; this is slightly
smaller than the zero AoA at which a maximum noise reduction of
9 dB could be attained. By isolating the noise contribution from the TE
region, it is observed that the noise intensity produced by the solid TE
scales with the fifth-power to the freestream velocity (i.e., SPL / U5

1),
while a higher velocity exponent is applicable for the porous TE
(SPL / U5:7

1 ). However, this does not imply a transition in noise
source type from a non-compact edge to a compact dipole, consider-
ing that the noise directivity pattern remains similar for both solid and
porous TE. The TE region of the airfoil is divided into smaller strips to
study the distribution of noise sources. While the noise sources are
strongly in-phase relative to each other in the case of solid TE, they
produce an opposite behavior on the porous TE, which promotes
destructive interference and in turn, noise attenuation. Consequently,
the acoustic scattering process on the porous TE becomes less efficient

than that on the solid TE. It has been found that the same noise reduc-
tion mechanism is present at the different AoA and Reynolds numbers
considered in this study.

The porous TE also introduces several noticeable changes in the
turbulent boundary layer, such as causing mean velocity deficit and
enhancing Reynolds stress intensity. The latter is also indicative of
higher flow shear near the porous medium surface and in turn, more
intense surface pressure fluctuations. Since surface roughness effect is
neglected in the simulation, these effects can be solely attributed to the
permeability of the porous TE. It is also verified that no mean cross-
flow is present across the porous TE despite the airfoil being in lifting
condition. This is particularly due to the relatively small difference
between the mean surface pressure on the suction and pressure sides
of the airfoil. Instead, the mean flow field inside the porous medium
forms recirculation regions. The present metal-foam TE also causes a
slight aerodynamic penalty; the lift loss is found to be almost 2%, while
the drag increase is around 5%.

The pressure release process, which is responsible for promoting
noise attenuation, can be observed in the porous TE by performing
coherence analysis of pressure fluctuations between the opposite sides of
the airfoil surface. This mechanism becomes more prominent toward
the thinner part of the porous TE, where it causes gradual phase equali-
zation between pressure fluctuations on the suction and pressure sides
of the airfoil. Since surface pressure fluctuations are related to the noise
source characteristics, the pressure release process can be considered to
modify the phase relationship among the noise sources on the porous
TE surface relative to those on the solid TE, resulting in noise attenua-
tion. This mechanism remains present at different freestream Reynolds
numbers and angle-of-attack settings, although the largest noise reduc-
tion can be obtained when the flow fluctuations on both sides of the TE
have similar spectral characteristics.

In line with the authors’ past findings on a similar porous TE
application, the present investigation suggests that the noise reduction
of a porous TE cannot be attributed only to the changes in the flow field
at the porous medium surface. Instead, the pressure balance process has
to be taken into account in order to accurately predict the noise mitiga-
tion. As a consequence, simulations that consider the porous medium
as a permeable–surface boundary condition would be unsuitable for
porous TE studies. Nonetheless, it is interesting to observe that the pre-
sent metal-foam insert is able to retain its noise mitigation capability at
different flow conditions. However, the relationship between the porous
material properties, TE insert shapes (which is determined by the airfoil
profile), and the pressure release process still require further investiga-
tion. Furthermore, mathematical models that could relate the pressure
release process with the noise attenuation level would be useful for
obtaining optimization strategies in the future.
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FIG. 22. The trend of Cd based on wake profile measured at different streamwise
locations.

FIG. 23. The comparison of lift and drag coefficients between the airfoils with solid
and porous TE. The percentage and the arrow above the bars indicate the differ-
ence between the coefficients for the porous TE relative to the solid TE.
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