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ABSTRACT
The turbulent flow over a porous trailing edge of a NACA 0018 airfoil is experimentally investigated to study the link between the hydro-
dynamic flow field and the acoustic scattering. Four porous trailing edges, obtained from open-cell metal foams, are tested to analyze the
effects on far-field noise of the permeability of the material and of the hydrodynamic communication between the two sides of the airfoil. The
latter is assessed by filling the symmetry plane of two of the porous trailing edges with a thin layer of adhesive that acts as a solid membrane.
Experiments are performed at a zero degree angle of attack. Far-field noise measurements show that the most permeable metal foam reduces
noise (up to 10 dB) with respect to the solid trailing edge for Strouhal numbers based on the chord below 16. At higher nondimensional
frequencies, a noise increase is measured. The porous inserts with an adhesive layer show no noise abatement in the low frequency range,
but only a noise increase at higher frequency. The latter is, therefore, attributed to surface-roughness noise. Flow field measurements, carried
out with time-resolved planar particle image velocimetry, reveal correlation of near-wall velocity fluctuations between the two sides of the
permeable trailing edges only within the frequency range where noise abatement is reported. This flow communication suggests that per-
meable treatments abate noise by distributing the impedance jump across the foam in the streamwise direction, promoting noise scattering
from different chordwise locations along the inserts. This is further confirmed by noise source maps obtained from acoustic beamforming.
For the frequency range where noise reduction is measured, the streamwise position of the main noise emission depends on the permeability
of the insert. At higher frequencies, noise is scattered from upstream the trailing edge independently of the test case, in agreement with the
roughness-generated noise assumption.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5121248., s

I. INTRODUCTION

Broadband trailing-edge noise, generated by the scattering of
turbulent structures at the trailing edge of lifting devices,1,2 is the
dominant noise source in wind turbines.3,4 Because of stringent
noise regulations, particularly close to urban areas, it also repre-
sents a limit to power production.5 Extensive research has been
performed to reduce this noise source through the modification
of the geometry of the edge, e.g., with the use of serrations,6–10

combed-serrations,11 brushes,12,13 or the modification of the incom-
ing boundary layer flow, e.g., with the application of finlets14 or
trailing edge blowing.15,16

Recently, it has been shown that it is possible to further reduce
broadband noise with respect to the previous solutions by installing
porous materials at the trailing edge.17–19 This passive noise

control method has shown broadband noise reduction up to 24
dB with respect to a baseline, fully solid airfoil.20 Previous exper-
imental works21 have identified the flow permeability and pore
size as the most relevant parameters that affect the scattered
noise. In more detail, an increase in permeability results in a
larger low-frequency noise reduction, while a larger pore diame-
ter increases the noise at high-frequency with respect to a solid
edge. Yet, porous treatments also reduce the aerodynamic perfor-
mance of the airfoil, i.e., decrease lift and increase drag, which
is enhanced by the employment of materials with higher per-
meability.22 The choice of an optimal chordwise extension and
type of porous treatment is thus a trade-off between aerodynamic
and acoustic performance, which requires a full understanding
of the noise generation mechanisms that has not been achieved
yet.
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Previous investigations showed significant differences between
the noise generation mechanisms for a solid and porous trailing
edge. The analysis of the acoustic scattering of a gust convecting
over a partially permeable airfoil23 or a solid flat plate with porous
extension24 suggests that a secondary noise source appears at the
discontinuity between the solid body and the porous treatment; in
addition, noise scattering at the trailing edge is decreased by a pres-
sure balance process, which lowers the magnitude of the acoustic
impedance jump. These two findings suggest that the theory used
for predicting noise for a solid trailing edge is not directly applica-
ble to a porous trailing edge. This was also confirmed experimen-
tally. For example, for a porous trailing edge, an increase in the
boundary layer thickness or the intensity of the turbulent fluctu-
ations close to the edge may result in noise reduction,25 different
than what is expected for a solid edge.26 In addition, experiments
carried out in different facilities20,27,28 have shown different power
laws for the scaling of the far-field acoustic pressure, i.e., ranging
between the 5th and the 7th power of the Mach number, while the
analytical solution29 reports a dipolelike dependence to the power
of 6. These discrepancies might be related to the different materials
adopted.

This study is aimed at finding experimental evidence of the
pressure balance process described by Delfs et al.23 Given that char-
acterizing the flow inside metal foam inserts would compromise its
nature, this study focuses on revealing the unsteady flow connection
between the two sides of the airfoil through the permeable media.
This will be referred to as cross-flow in the remainder of this paper.
To better define the link between the flow within permeable trailing
edges and the mitigation of the pressure jump at the edge (hence,
far-field noise emission), two sets of metal foam inserts and a base-
line (solid) trailing edge are investigated. The first set consists of two
fully permeable inserts with different flow permeability, while the
second one is obtained from the same materials by filling the symme-
try plane with adhesive, thus avoiding flow communication between
the two sides of the airfoil. The dominant noise sources are ana-
lyzed by using noise source imaging with acoustic beamforming, and
the turbulent flow field is characterized with an optical nonintru-
sive method, i.e., Particle Image Velocimetry (PIV). Measurements
are performed on a NACA 0018 airfoil at a chord-based Reynolds
number Rec of 2.63 × 105. To prevent steady flow from flowing
through the foam inserts, the airfoil is set at zero degree angle of
attack.

The remainder of this article is structured as follows: The exper-
imental setup and data reduction procedure are described in Sec. II.
Far-field acoustic scattering is shown in Sec. III. The appearance
of correlation between turbulent motions around porous inserts,
as well as the implications on the scattered noise, is addressed in
Sec. IV. The change in the position of dominant sound sources
within the metal foam inserts is discussed in Sec. V. Finally, Sec. VI
reports the conclusions of this manuscript.

II. EXPERIMENTAL APPARATUS AND DATA
PROCESSING
A. Wind tunnel and model

Experiments are performed in the A-Tunnel, the anechoic ver-
tical low-turbulence open-jet wind tunnel at Delft University of
Technology. The tunnel has a rectangular test section (40 × 70 cm2)

FIG. 1. Turbulence intensity
√

u2/U∞ as a function of the free-stream velocity
U∞ at the center of the nozzle exit. The test condition for the current investigation
is marked by the red circle.

and a contraction ratio of 15:1. At the selected free-stream veloc-
ity U∞ = 20 m s−1, the velocity distribution is uniform within

0.5% across the test section and the turbulence intensity
√
u2/U∞

is approximately 0.05% (Fig. 1). For the turbulence intensity char-
acterization, a single-wire Dantec Dynamics P11 probe (platinum-
plated tungsten wire with 5 μm diameter and 1.25 mm length), con-
nected to a TSI IFA-300 constant-temperature Wheatstone bridge,
is employed at the center of the nozzle exit, and data are bandpass
filtered between 20 Hz and 20 kHz.

A NACA 0018 airfoil [Figs. 2(a) and 2(b)] with chord c of 0.2 m
and span L of 0.4 m is employed. The leading edge of the model is
placed at 50 cm from the contraction outlet. The trailing-edge thick-
ness is 0.3 mm to avoid blunt trailing-edge noise within the mea-
sured frequency range. The model is placed between two wooden
side plates (with height of 1.2 m) flush mounted to the nozzle exit.
The side plates support the model, guarantee optical access, and
keep the incoming flow two-dimensional. The airfoil is manufac-
tured with computer numerical control machining using aluminum,

FIG. 2. Sketch of the model. The aluminum body and the metal foam insert are
depicted in light and dark gray, respectively. (a) Top view. (b) Side view.
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yielding a nominal surface roughness of 0.05 mm. The last 20% of the
chord (s = 4 cm) is interchangeable, hence allowing for testing differ-
ent materials. A sketch of the streamwise-vertical X-Y-Z coordinate
system, used for the description of the experimental setup, is also
included in Figs. 2(a) and 2(b). The coordinate system has its origin
at the intersection between the trailing edge line and the midspan
plane of the airfoil, and the X and Z-axis are aligned with the chord
and the trailing edge, respectively.

Boundary layer transition to a turbulent state is forced at 20%
of the chord (X/c = −0.8) on both sides of the airfoil using a 10 mm
strip with carborundum particles of 0.84 mm diameter randomly
distributed along the span. The homogeneity of the turbulence
downstream the turbulator is assessed with an amplified stetho-
scope probe30 [composed of a Brüel & Kjaer (B&K) 4134 micro-
phone and a B&K 2619 preamplifier]. The ratio of airfoil thickness
to jet width is equal to 0.05; only minor blockage effects are thus
expected.31 This is confirmed by measuring the static pressure dis-
tribution along the chord of the airfoil at an angle of attack of 4.8○;
results (not shown here for the sake of brevity) reveal a suction
peak close to the nose, equivalent to that of an airfoil in free-air
conditions.32

Finally, the five different trailing-edge mock-ups used in the
study are described. The first one is solid, entirely manufactured
in aluminum and used as reference. The metal foam inserts are all
manufactured using electrical discharge machining. Two different
Alantum NiCrAl homogeneous open-cell metal foams, with nomi-
nal cell diameter dc of 450 and 800 μm, are employed in this inves-
tigation. They are characterized in terms of porosity σ, permeability
K, resistivity R, and form coefficient C; a summary of these proper-
ties is presented in Table I. The reader can refer to previous work
from the authors33 for a complete description of the characteriza-
tion procedure. Two additional trailing-edge inserts, obtained from
the same metal foams but with the addition of 3M EC9323 epoxy
adhesive at the symmetry plane, are tested to investigate the effect
of the hydrodynamic interaction between the two sides of the airfoil
without altering their roughness. For the sake of brevity, the inserts
are hereafter referred to as baseline, permeable, and nonpermeable,
respectively. Additionally, the exponent of the scaling law m for far-
field acoustic pressure with free-stream velocity p2 ∝ Um

∞, reported
in previous studies for fully or partially porous airfoils manufactured
with metal foams with similar properties, is also presented in Table I.
It is observed that m decreases with increasing R for airfoil trail-
ing edges built with Alantum metal foam. Yet, results for different
types of metal foam are not in line with this finding: the Recemat
foam yields the highest exponent (m = 7) despite having higher

resistivity than the Alantum dc = 800 μm metal foam. Similarly, the
M-Pore Al foam, with the lowest resistivity, produces an exponent
comparable to those of Alantum foams with R one order of magni-
tude higher. As a final remark, in Ref. 21, it is reported that far-field
acoustic pressure measurements on trailing edges with high resistiv-
ity [R ∈ [65 × 103, 278 × 103] (N s/m4)] foams produce m = 5 when
the high-frequency excess noise contribution is excluded; a similar
analysis of data published in Ref. 28 was performed by the authors,
but similar m values to those already reported in Table I were found.

B. Microphone array and acoustic data processing
Acoustic data are recorded with a phased microphone array

composed of 64 G.R.A.S. 40PH free-field microphones. A picture
of the microphone array placed in the anechoic chamber is shown
in Fig. 3. The microphones, with a frequency response precision of
±1 dB within 10 Hz–20 kHz, allow for a maximum output of 135 dB
(with reference pressure 20 μPa).

The microphone distribution, shown in Fig. 4, is optimized to
measure frequencies up to 10 kHz with minimum main lobe width
and side-lobe level.34 The effective diameter of the antenna is 2 m,
and the distance from the antenna plane to the airfoil trailing edge is
1.48 m. The planar array is parallel to the streamwise-spanwise X-Z
plane. The center of the array is aligned with the center of the airfoil
trailing edge.

Far-field noise data are recorded for 60 s at a sampling fre-
quency of 50 kHz. The cross-spectral matrix of the measured acous-
tic pressure is computed by averaging sample blocks of the signals
in the frequency domain.35 Blocks contain 8192 samples with 50%
overlap, and a Hann windowing function is employed. The fre-
quency resolution is thus 6.1 Hz. The main diagonal of the cross-
spectral matrix is removed to minimize the effect of incoherent
noise measured by each microphone.36 The refraction of sound
waves within the shear layer of the jet is corrected using the method
proposed by Sijtsma.37 Beamforming is applied on a grid ranging
between −2 < X/c < 2 and −2 < Z/c < 2 with a spacing of 0.1 cm in
both directions.

Conventional frequency domain beamforming38 retrieves
acoustic source maps in one-third octave bands. The acoustic spec-
tra are computed integrating source maps37 in the range −0.27 < Z/c
< 0.27 and −0.44 < X/c < 0.41; this technique allows isolating broad-
band trailing-edge noise from other undesired acoustic sources. The
chosen integration area includes all the relevant noise sources gen-
erated by the inserts. To achieve a satisfactory signal-to-noise ratio,
the measured frequency range includes one-third octave bands with

TABLE I. Characteristics of metal foams used in the present experiment or reported in previous studies.20,28

Name dc (μm) σ (-) K (m2) R (N s/m4) C (m−1) m

Alantum 450 0.893 6 × 10−10 29 850 9758 5.528

Alantum 580 0.905 1.8 × 10−9 10 078 3052 6.128

Alantum 800 0.917 2.7 × 10−9 6 728 2613 6.428

Recemat20 . . . >0.95 . . . 8 200 . . . 7
M-Pore Al20 . . . 0.9 . . . 1 000 . . . 5.8
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FIG. 3. Picture with the test section and model in baseline configuration in front
and microphone array behind.

the center frequency ranging from 0.5 to 2.5 kHz. Computed spec-
tra match sound levels measured by the center microphone up to
1 kHz. Rayleigh’s criterion39 sets the minimum distance between
two distinguishable noise sources at 12 cm for the highest measured

FIG. 4. Sketch with microphone distribution. The airfoil is depicted as a gray
rectangle, and the integration area location is marked by the blue dashed area.

frequency; the grid spacing is thus 120 times smaller than the maxi-
mum resolution of the array, allowing for an accurate localization of
the noise sources within the maps. Similar acoustic data processing
is successfully employed in previous trailing-edge noise studies.40

With the current experimental setup and data postprocessing, the
uncertainty on the reported noise levels is estimated to be ±1 dB,
based on a previously reported comparison with synthetic data.41

C. Particle image velocimetry setup
Two-dimensional PIV experiments are conducted to syn-

chronously measure velocity fields at the midspan plane at both sides
of the airfoil. The experimental setup is depicted in Fig. 5(a). The
flow is seeded with tracers by a SAFEX Twin-Fog Double Power
generator using a glycol-based solution with a median droplet diam-
eter of 1 μm.42 Illumination is provided by a Continuum MESA PIV

FIG. 5. (a) Sketch of the PIV setup. (b) Detail of the FOV and coordinate system.
The original FOV of the cameras are represented by the blue and orange areas.
The final FOV, obtained after joining and cropping them, is marked with the gray
dashed shadowed area. Note that in the experiment, the airfoil was positioned
vertically instead of horizontally.
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532-120-M Nd:YAG system; each pulse, with a maximum output of
18 mJ, is emitted at a wavelength of 532 nm. To illuminate simulta-
neously both sides of the airfoil, 2 coplanar laser sheets (with thick-
ness equal to 1 mm) are obtained from the same light source with a
combination of beam-splitter, mirrors, and convex/concave lenses.

Particle images are acquired with two Photron Fastcam SA-1
CMOS cameras (1024 × 1024 pixel2, 12 bit, pixel size 20 μm), placed
at 25 cm from the measurement plane. The cameras are equipped
with Nikon f ′ = 200 mm macrolenses set to aperture f# = 4. With the
current setup, the particle-image diameter43 is 5 μm (0.25 pixel). To
minimize peak-locking,44 an offset between the focusing plane and
the laser sheet is set, hence achieving an image of the particle larger
than 2 pixels.45 The illumination and image acquisition are trig-
gered synchronously using a LaVision high speed controller. Time-
resolved data are acquired at a sampling frequency of 20 kHz crop-
ping the sensor of the camera to 512 × 512 pixels. The acquisition
time, equal to 1.1 s, is limited by the internal memory of the cameras.
For the lowest frequency studied in the flow-field analysis (447 Hz, in
agreement with the acoustic analysis), 488 cycles are thus acquired.
Each camera records a field of view (FOV) of 0.1c × 0.1c (20 ×
20 mm2) with a digital resolution of approximately 25 pixels mm−1.
After calibration, the single FOVs are combined yielding to a total
FOV of 0.16c × 0.07c (32 × 14 mm2), as shown in Fig. 5(b). The final
measured area ranges between −0.04 ≤ X/c ≤ 0.03 and −0.08 ≤ Y/c
≤ 0.08. The x-y-z coordinate system [Fig. 5(b)], used for boundary
layer flow analysis, is rotated with respect to the X-Y-Z coordi-
nate system so that the x and y directions are, respectively, parallel
and normal to the surface of the trailing-edge insert independently
of the side of the airfoil. Both coordinate systems have the same
origin.

Particle images are processed using LaVision DaVis 8.4. A mul-
tipass cross correlation algorithm46 with window deformation47,48

is applied to the sequence of images resulting in an ensemble of
21 828 vector fields. The final interrogation window size is 24 × 24
pixel2 with an overlap factor of 75%, yielding a final spatial reso-
lution of 0.94 mm and a vector spacing of 0.24 mm. The universal
outlier detector49 removes spurious vectors (approximately 0.8% of
the total), replacing them with a linear interpolation based on adja-
cent data. A summary of the system parameters of the PIV setup is
presented in Table II.

TABLE II. System parameters of the PIV experiment.

Cameras Photron Fastcam SA1.1

Acquisition frequency 20 kHz
Acquisition sensor 512 × 512 pixel2

Single FOV 20 × 20 mm2

Total FOV 32 × 14 mm2

Digital resolution 25 pixels mm−1

Magnification factor 0.51
Interrogation window 24 × 24 pixel2

Overlap factor 75%
Vectors per velocity field 136 × 60
Vector spacing 0.24 × 0.24 mm2

Free-stream pixel displacement 20 pixels

Main sources of errors affecting the measurement of kinematic
quantities are due to the positioning of the calibration target, cross
correlation,45 particle slip,50 and the convergence of statistical quan-
tities. In the present study, the uncertainty of the measurement is
quantified using the method presented by Wieneke;51 this method
measures the correlation between image pairs, once the second
frame is projected back to the first one with the computed parti-
cle displacement field. Considering a 95% confidence interval, the
analysis yields a higher bound uncertainty on mean quantities of
0.5% of the free-stream velocity and on the root-mean-square (rms)

quantities of 0.03
√
u2 (at x/c = 0, y/δ = 0.45).

D. Symmetry of the setup and validation of the flow
field measurements

The airfoil is set at approximately zero degree angle of attack
using a Wyler Clinotronic inclinometer. Accounting for the mis-
alignment between the jet and the floor, as well as the accuracy of the
inclinometer, the total accuracy of the angle of attack is estimated as
0.2○. To further assess it, static pressure measurements are obtained
through 15 differential pressure Honeywell TruStability transduc-
ers (range: −0.6 to 0.6 kPa; accuracy: 3 Pa), which are connected to
30 pressure taps with a diameter of 0.4 mm. The orifices are dis-
tributed from 1% to 66% of the chord. The pressure taps are located
along a plane slanted 15○ and with an offset of 2 cm with respect to
the midspan plane of the airfoil [Fig. 2(a)]. This arrangement pre-
vents flow interference between consecutive pressure taps.54 Pres-
sure measurements are carried out at a sampling rate of 100 Hz for
10 s. The angle of attack is determined by comparing the measured
differential static surface pressure ΔCp = (pss − pps)/(1/2ρU2

∞) dis-
tribution against XFOIL results,55 shown in Fig. 6(a). The measured
pressure distribution agrees within uncertainty range (computed
using a linear propagation approach56) with the one for a model
in free-air conditions set at 0.05○; the angle of attack is, therefore,
considered negligible.

The verification of the angle of attack is also performed by
comparing boundary layer quantities measured at suction and pres-
sure sides. Specifically, the streamwise variation of boundary layer
thickness δ99 and momentum thickness θ is compared in Figs. 6(b)
and 6(c). A detailed description of the computation procedure for
these quantities is given in the following paragraph. The uncer-
tainty is estimated as ±0.25 mm and ±0.05 mm for δ and θ, respec-
tively, in line with León et al.52 Results show agreement within the
uncertainty range; hence, the symmetry of the experimental setup is
confirmed.

Data measured at the trailing edge (X/c = 0) are further com-
pared with previous research. Apart from δ and θ, displacement
thickness δ∗ and friction velocity Uτ ≡

√
τw/ρ (where τw refers to

wall shear stress and ρ refers to the fluid density) values reported
from similar experiments52,53 and XFOIL are also used for compar-
ison (Table III). In this study, δ is estimated as the location where
the mean wall-parallel velocity is 99% of the edge velocity Ue. The
latter quantity is computed based on the integral of the spanwise
vorticity along the wall-normal direction, as proposed in Ref. 57.
The comparison shows an overall good agreement for all the bound-
ary layer length scales with the exception of δ∗ (therefore, H). It is
found that the δ∗ values reported by León et al.52 and XFOIL are
lower than current data. The disagreement is consistent with the
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FIG. 6. Symmetry of the baseline configuration. (a) Differential static pressure
distribution ΔCp along the chord of the model. (b) Boundary layer thickness
δ99/c measured at suction and pressure sides for the baseline configuration. (c)
Momentum thickness θ/c.

TABLE III. Comparison of boundary layer thickness δ (in mm), displacement thick-
ness (in mm) δ∗ (in mm), momentum thickness θ (in mm), shape factor H, and friction
velocity Uτ (in m/s) values measured at both sides of the solid trailing edge (X /c = 0)
with the values presented in previous studies and XFOIL. SS and PS stand for the
values measured at suction and pressure sides of the airfoil in the present experiment.

Investigation δ δ∗ θ H Uτ Rec Reθ

León et al.52 9.4 2.1 1.3 1.6 . . . 263 000 1700
Avallone et al.53 9.5 3.3 1.5 2.2 . . . 280 000 2100
XFOIL . . . 2.3 1.2 1.9 0.41 263 000 1580
Present (SS) 9.2 3.5 1.5 2.3 0.42 263 000 1980
Present (PS) 9.1 3.4 1.5 2.3 0.41 263 000 1980

difference in boundary layer turbulator size. Uτ values are calcu-
lated following Clauser58 through the fit of U with the logarithmic
law59 using universal constants κ and C equal to 0.41 and 5.1, respec-
tively. Data above y/δ = 0.15 match the aforementioned law; there-
fore, only values within this range are reported in the remaining of
this manuscript. Agreement between the measured Uτ and that of
XFOIL is also satisfactory.

Finally, the mean streamwise velocity U/U∞ profile at the wake
location X/c = 0.02, shown in Fig. 7 for all the test cases, is analyzed.
Profiles are symmetric with respect to Y/c = 0 independently of the
insert; hence, the employment of permeable inserts at the trailing
edge does not alter the symmetry of the mean flow field. Interest-
ingly, an increased velocity deficit (up to 0.03U∞ with respect to
the baseline case) is observed for the metal foam inserts with the
largest pore size independently of the permeability. This finding is in
line with previous experiments, which attributed this phenomenon
to a higher surface drag caused by roughness.60 Consequently, the
drag coefficient CD, which is computed based on the wake velocity
deficit61 as

CD =
2
c ∫

U
U∞
(1 − U

U∞
)dY , (1)

FIG. 7. Normalized mean velocity profile U/U∞ at the wake (X /c = 0.02) for the
baseline case as well as the metal foam inserts.
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TABLE IV. Comparison between drag coefficient CD values computed for different
inserts.

Case CD

Solid 0.0273
dc = 450 μm, permeable 0.0272

dc = 450 μm, nonpermeable 0.0274
dc = 800 μm, permeable 0.0280

dc = 800 μm, nonpermeable 0.0280

is approximately 3% higher for the metal foam inserts with dc
= 800 μm (with length equal to 20% of the chord) than for the solid
case, as reported in Table IV.

For additional description of the boundary layers, the reader is
referred to a preliminary analysis available in Ref. 28.

E. Correlation maps computation methodology
As explained in Sec. I, the main scope of this investigation

is to prove that the employment of permeable materials mitigates
the pressure jump at the trailing edge, hence resulting in decreased
noise scattering with respect to a fully solid edge. Due to the com-
plexity related to the nonintrusive characterization of flow within
porous media,62 an alternative approach is followed; the analysis is
focused on revealing correlation between turbulent fluctuations at
both sides of the airfoil. Such a finding would imply the existence
of flow connection through permeable media. With this aim, two-
point two-dimensional spatial correlations, generally employed to
characterize the spatial organization of turbulent structures,63 are
extensively used. Specifically, wall-normal velocity fluctuations are
investigated due to their link to hydrodynamic wall-pressure fluctu-
ations,64–66 widely used as the source term in analytical models for
solid trailing-edge noise.26,67

The two-point spatial cross correlation function of the wall-
normal velocity fluctuations Rvv(x, ξ) is conventionally defined as68

Rvv(x, ξ) = v(x)v(x + ξ)√
v(x)2

√
v(x + ξ)2

, (2)

where x is the reference point and ξ is the separation vector. How-
ever, the normalization of the covariance employed in Eq. (2) pro-
vokes an artificial increase in Rvv(x, ξ) at locations where the rms
velocity has low values, i.e., close to the outer boundary layer edge,
which complicates the interpretation of the results.69 To avoid this
issue, in the present analysis, the spatial cross correlation is com-
puted as

R∗vv(x, ξ) = Rvv(x, ξ)
¿
ÁÁÀv(x + ξ)2

v(x)2
= v(x)v(x + ξ)

v(x)2
. (3)

In this way, statistical quantities measured at x + ξ are removed
from the denominator of Eq. (2). This definition is usually employed
in trailing-edge noise research70,71 due to its accuracy. The term
“correlation” is hereafter employed to refer to the quantity defined
in Eq. (3), calculated over the 21 828 flow-field snapshots, and com-
puted by selecting a reference position and varying ξ within the

measured FOV. For a better visualization, correlation maps com-
puted with reference points at the lower side are flipped with respect
to Y/c = 0 and averaged with those obtained with reference points at
mirrored locations.72 Small, isolated low-correlation spots are also
removed from the maps for the sake of clarity.

III. FAR-FIELD NOISE
Far-field acoustic scattering [Fig. 8(a)] is presented in terms of

sound pressure level integrated in one-third octave bands Lp(1/3)
= 10 log10(p2/p2

ref), where pref = 20 μPa is the reference pressure,
as a function of the Strouhal number based on the chord and the
free-stream velocity Stc = fcc/U∞. For the sake of clarity, Lp values
relative to the baseline case ΔLp = Lsolid

p − Lmetal foam
p are also shown

in Fig. 8(b).
In the spectra shown in Figs. 8(a) and 8(b), two different

regions can be detected. In the low frequency range, fully permeable

FIG. 8. Far-field noise spectra. (a) Absolute Lp (1/3) values. (b) Relative Lp (1/3)
values with respect to the baseline case.
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trailing edges show noise reduction with respect to the solid trail-
ing edge while avoiding flow communication results in similar noise
scattering as for the solid edge. Hence, for the present inserts, low-
frequency noise reduction is solely caused by the permeability; this
result can be related to the presence of cross-flow that will be further
investigated in Sec. IV. At higher frequencies, noise increase with
respect to the baseline configuration is measured. These two regions
are separated by a cross-over St∗c = 16 (fc = 1.6 kHz) for the two non-
permeable inserts and the permeable dc = 800 μm foam insert, while
for the permeable insert with dc = 450 μm, the St∗c is equal to 20 (fc
= 2 kHz).

As expected,21 below St∗c , permeable materials with increas-
ing permeability produce higher noise attenuation levels. More
in detail, up to 7 (at Stc = 10) and 10 dB (at Stc = 5) noise
abatement are measured for permeable inserts manufactured with
dc = 450 μm and dc = 800 μm foam, respectively. Interestingly,
below Stc = 12.5, the absolute noise spectra corresponding to the
least permeable foam and baseline cases share a similar slope. Yet,
for the most permeable metal foam, there is a remarkable change
in the slope with respect to the baseline configuration. These two
aspects will be linked (see Sec. V) to fundamental changes in the
noise generation process caused by the employment of metal foams
with different permeability.

Above St∗c , maximum excess noise is measured at Stc = 25 for
all the porous inserts. This feature has been already reported in pre-
vious experimental work involving porous trailing edges.22 Due to
its high-frequency nature and the fact that higher noise levels are
reported for materials with larger pore size, it was attributed to
roughness noise.73 The present results confirm that this feature is
indeed mostly due to the rough characteristics of the metal foam
surface. Yet, the fact that permeable and nonpermeable inserts man-
ufactured with the same material generate different excess noise
levels (up to 2 dB) suggests that additional aeroacoustic phenom-
ena occur due to the permeability. This point will be also addressed
below.

IV. CORRELATION OF VELOCITY FLUCTUATIONS
In Sec. III, it was shown that only permeable inserts reduce

noise with respect to the solid trailing edge. This result suggests that

the open connection between the two sides of the airfoil through the
metal foam significantly alters the mechanism of noise generation at
the edge, eventually resulting in decreased noise scattering. In this
section, correlation maps, as defined in Sec. II E, are employed to
assess the presence of cross-flow in the cases where noise reduction
with respect to the baseline configuration is reported.

First, maps of the cross correlation function as defined in Eq. (3)
are plotted in Figs. 9(a)–9(e) for the five test cases. The maps depict
only zones of positive correlation, while zones of negligible or neg-
ative correlation (R∗vv < 0.02) are masked. The reference point,
located at x/c = (X/c, Y/c) = (−0.02, 0.013), is marked by a black
square. To link the presence of flow communication to the measured
noise abatement, data are bandpass filtered within Stc ∈ [4, 16] for
inserts manufactured with dc = 800 μm foam insert and the nonper-
meable dc = 450 μm foam insert, and Stc ∈ [4, 20] for the permeable
dc = 450 μm foam insert. To compare, velocity fluctuations measured
for the solid case are also filtered out using the latter nondimensional
frequency range.

As shown in Figs. 9(a)–9(e), the energy transfer from large
coherent motions within the outer boundary layer to the near-wall
region74,75 creates correlation zones surrounding the reference point
and elongated toward the wall-normal direction independently of
the test case. For the solid and nonpermeable metal foam cases
[Figs. 9(a), 9(c), and 9(e)], regions of high correlation only appear
around the reference point or within the wake; turbulent motions
at upper and lower sides are not correlated, i.e., cross-flow is absent
due to the presence of a solid boundary in between both sides. For
the nonpermeable dc = 800 μm foam insert [Fig. 9(e)], an increase in
the streamwise extent of the correlation zone around the reference
point is reported. Irregular rough surfaces usually introduce a cer-
tain degree of disorganization in the turbulent flow, particularly in
the flow direction, hence decreasing the associated length scales.76

Ali et al.77 reported the appearance of recirculation flow inside
blunt trailing-edge permeable extensions; the streamwise enlarge-
ment of the correlation zone might be, therefore, related to this
phenomenon. The lower permeability of the dc = 450 μm foam insert
[Figs. 9(b) and 9(c)] might weaken or even fully prevent this flow
feature, supporting the absence of significant differences between
correlation zones surrounding the reference point for permeable
and nonpermeable configurations. Contrary to the baseline and

FIG. 9. Low-frequency wall-normal
velocity fluctuation correlation maps
with reference point at x/c = (X /c, Y /c)
= (−0.02, 0.013) (y/δref = 0.15). (a) Solid.
(b) Permeable dc = 450 μm foam insert.
(c) Nonpermeable dc = 450 μm foam
insert. (d) Permeable dc = 800 μm foam
insert. (e) Nonpermeable dc = 800 μm
foam insert.
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FIG. 10. Low-frequency wall-normal velocity fluctuations correlation maps for the permeable dc = 800 μm foam insert with reference point at different streamwise locations.
(a) X /c = −0.032, Y /c = 0.016; (b) X /c = −0.026, Y /c = 0.014; (c) X /c = −0.020, Y /c = 0.013; (d) X /c = −0.016, Y /c = 0.012; (e) X /c = −0.011, Y /c = 0.011; (f) X /c = −0.004,
Y /c = 0.01.

nonpermeable inserts, for permeable inserts, a near-wall low-
correlation (0.02 < R∗vv < 0.1) region appears at the lower side,
regardless of the type of foam [Figs. 9(b) and 9(d)]; the pres-
ence of unsteady flow connection across the airfoil is thus
confirmed.

Before assessing the implications of this finding on noise gen-
eration, the properties of correlation regions found at both sides
of the permeable trailing-edge mock-ups are addressed. First, their
appearance within the measured streamwise extent of permeable
treatments is analyzed. In Figs. 10(a)–10(f), it is shown that the
appearance of correlation zones at the lower side of the dc = 800 μm
insert is independent of the streamwise position of the refer-
ence point; this result evidences the presence of effective flow
communication through the entire measured extension. The smaller

correlation zone found when the reference point is moved upstream
can be attributed to increased viscous and inertial losses due
to the larger thickness of the insert.78 It is also interesting to
note that for the most upstreamwise reference point location
[Fig. 10(a)], the correlation zone is located slightly downstream
the reference point, indicating that flow communication through
the foam occurs following preferred flow directions. Such a find-
ing might be related to the presence of a pressure gradient
between the two sides of the airfoil. Similar conclusions are also
drawn for the least permeable foam (dc = 450 μm) insert, shown
in Figs. 11(a)–11(f).

The extension of the lower-side correlation zone is also strongly
influenced by the distance between the reference point and the wall.
In Figs. 12(a)–12(d), correlation maps for reference points ranging

FIG. 11. Low-frequency wall-normal velocity fluctuations correlation maps for the permeable dc = 450 μm foam insert with reference point at different streamwise locations.
Locations are specified in the caption of Fig. 10.
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FIG. 12. Low-frequency wall-normal velocity fluctuations
correlation maps for the permeable dc = 800 μm foam insert
with reference point at different wall-normal locations. (a)
y/δref = 0.15; (b) y/δref = 0.18; (c) y/δref = 0.21; (d) y/δref
= 0.25.

from y/δref = 0.15 to y/δref = 0.25 (where δref is the boundary layer
thickness at the trailing edge for the baseline case) at X/c = −0.02
are shown for the permeable dc = 800 μm foam insert. It is found
that correlated velocity fluctuations at the other side appear until a
wall-normal distance of the reference point equal to 25% of the
boundary layer; hence, only near-wall turbulent motions are influ-
enced by the absence of a solid boundary in between the upper and
lower sides of the airfoil. Although this analysis is not shown for the
permeable dc = 450 μm foam insert for the sake of brevity, similar
results are found.

As explained above, the appearance of near-wall correlated
flow regions implies the presence of cross-flow linking the suc-
tion and pressure sides of the airfoil within the permeable medium.
This remarkable flow feature has direct implications on the
edge noise generation of permeable lifting bodies: as reported
by Delfs et al.,23 flow communication through the permeable
inserts partially phases wall-pressure waves at both sides of the
airfoil, hence decreasing the unsteady pressure mismatch at the
edge. This process eventually results in far-field noise abatement
within the frequency range where turbulent motions are phased,
in agreement with the results presented in Sec. III. As also

pointed out Ref. 24, permeable materials might also trigger noise
scattering from different streamwise locations, thus allowing con-
structive/destructive interference between noise sources arising
along the insert. This point will be addressed in Sec. V, where the
presence of different noise sources within the inserts for the five test
cases will be assessed.

To underline the link between cross-flow and noise abatement,
the cross correlation analysis is also applied to datasets bandpass fil-
tered using the frequency range where excess noise was previously
reported. Specifically, wall-normal velocity fluctuations within Stc
∈ [16, 25] for inserts manufactured with dc = 800 μm and the nonper-
meable dc = 450 μm foam insert, and Stc ∈ [20, 25] for the permeable
dc = 450 μm foam insert are considered. Correlation maps computed
on these datasets are shown in Figs. 13(a)–13(e); results show no
evidence of correlation regions on the complementary side of the air-
foil, in line with the results described in Sec. III. Further assessment
is given in Figs. 14(a)–14(f), where correlation maps obtained by
varying the streamwise position of the reference point are presented
for the most permeable foam; it can be observed that no correlation
at the lower side is found even when the point is placed above the
trailing edge, where the thickness of the metal foam is minimal.

FIG. 13. High-frequency wall-normal
velocity fluctuation correlation maps with
reference point at x/c = (X /c, Y /c)
= (−0.02, 0.013) (y/δref = 0.15). (a) Solid.
(b) Permeable dc = 450 μm foam insert.
(c) Nonpermeable dc = 450 μm foam
insert. (d) Permeable dc = 800 μm foam
insert. (e) Nonpermeable dc = 800 μm
foam insert.
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FIG. 14. High-frequency wall-normal velocity fluctuation correlation maps for the permeable dc = 800 μm foam insert with reference point at different streamwise locations.
(a) X /c = −0.032, Y /c = 0.016; (b) X /c = −0.026, Y /c = 0.014; (c) X /c = −0.020, Y /c = 0.013; (d) X /c = −0.016, Y /c = 0.012; (e) X /c = −0.011, Y /c = 0.011; (f) X /c = −0.004,
Y /c = 0.01.

V. ACOUSTIC SOURCE MAPS
Noise source maps are hereafter analyzed to verify any displace-

ment of the predominant sound source detected by the microphone
antenna. The current analysis is limited by the resolution of the
array;79 yet, it might allow us to qualitatively identify different mech-
anisms involved in the process of sound generation for the test cases
discussed.

Figures 15(a)–15(e) show acoustic source maps for Stc = 10 (fc
= 10 kHz) for the five measured inserts. At this Stc, noise abate-
ment with respect to the baseline configuration was reported only
for permeable inserts in Sec. III. In the maps, the location of max-
imum noise intensity within −1 < Z/c < 1 is indicated by a red
dashed-dotted line. For the solid case [Fig. 15(a)], the red line is
aligned with the trailing edge, as expected from the distributed line

source nature of broadband trailing-edge noise.80 Similarly, for the
nonpermeable metal foam inserts [Figs. 15(c) and 15(e)], noise is
mainly scattered from the trailing edge and the intensity of the sound
source is similar to the baseline case. Hence, within this frequency
range, the location of the noise source is not altered by the pres-
ence of rougher surfaces, in agreement with the results presented in
Sec. III. For permeable inserts [Figs. 15(b) and 15(d)], in addition
to the reduction of the sound power caused by the mitigation of the
pressure jump, it is also found that the maximum sound emission
is located more upstream. The employment of permeable materials
thus promotes distributed noise scattering from different stream-
wise locations, in agreement with analytical models24 and numer-
ical simulations.23 This aspect will be further investigated in the
following.

FIG. 15. Source maps for the one-third
octave band with fc = 1000 Hz (Stc = 10)
for the measured test cases. (a) Solid.
(b) Permeable dc = 450 μm foam insert.
(c) Nonpermeable dc = 450 μm foam
insert. (d) Permeable dc = 800 μm foam
insert. (e) Nonpermeable dc = 800 μm
foam insert. The airfoil is represented
as a gray rectangle. Metal foam inserts
are depicted with dark gray rectan-
gles. Dashed area represents the region
where the source power integration tech-
nique is applied. Red dashed-dotted line
marks streamwise Lp (1/3) maxima within
−1 < Z/c < 1.

Phys. Fluids 31, 105110 (2019); doi: 10.1063/1.5121248 31, 105110-11

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

Acoustic source maps for Stc = 20 (fc = 2 kHz) are presented
in Figs. 16(a)–16(e). Within this nondimensional frequency band,
noise increase due to roughness was found in Sec. III. For the
baseline case, similar to the results obtained for lower frequen-
cies, the dominant noise source is aligned with the trailing edge
[Fig. 16(a)]. Conversely, for the porous configurations [Figs. 16(b)–
16(e)], the maximum noise emission lies upstream the edge inde-
pendently of the permeability. The noise source shift can be caused
by the distributed nature of roughness noise and confirms that this
mechanism is mainly responsible for the excess noise reported in
Sec. III. In Figs. 8(a) and 8(b), it was observed that the permeable
dc = 800 μm metal foam mock-up produced higher excess noise
levels than the nonpermeable version, whereas the dc = 450 μm
inserts behaved oppositely. In agreement with Kisil and Ayton,24

this interesting result points out that apart from the roughness noise
contribution, other noise generation mechanisms such as interfer-
ence between sources distributed streamwisely along the insert or
unsteady volume flow injection/ejection81 due to permeability might
also be present.

The streamwise position of the maximum noise emission
within the source maps as a function of Stc is analyzed in the fol-
lowing. Absolute streamwise coordinates normalized by the chord
XLmax

p (1/3)/c are presented in Fig. 17(a). Note that as expected, at low
Stc, the absolute location of the main noise emission is shifted due
to the low resolution of the array, and an accurate source local-
ization is only obtained above Stc = 10 (fc = 1 kHz). However,
it is considered that the shift affects every reported test case sim-
ilarly; as a consequence, the analysis of the main source position
relative to the solid edge ΔXLmax

p (1/3)/c = Xsolid
Lmax
p (1/3)
/c − Xmetal foam

Lmax
p (1/3)

/c,
reported in Fig. 17(b), is expected to yield valuable insights on
the nature of the sound generation process present in metal foam
inserts.

For the permeable dc = 800 μm foam insert, the main noise
source is upstream the trailing edge; specifically, for the entire
investigated frequency range, it is located approximately 4 cm

(X/c = −0.2) upstream the position of the trailing edge (as retrieved
for the solid case), lying near the solid-permeable junction position.
In agreement with analytical24 and numerical solutions,23 this find-
ing suggests that cross-flow decreases the pressure jump at the trail-
ing edge to the point that the one at the solid-permeable junction is
larger. Hence, for highly enough permeable materials, acoustic emis-
sion from other locations within the insert becomes the main con-
tributor to broadband self-noise. For its nonpermeable counterpart,
the dominant source moves gradually from the trailing-edge posi-
tion at low frequencies (Stc < 12.5) toward more upstream positions
at higher frequencies. Interestingly, the transition from one location
to another approximately coincides with the previously reported
St∗c = 16. This points out that roughness noise exceeds the trailing-
edge noise contribution from this nondimensional frequency on, in
agreement with the results presented in Sec. III. At higher frequen-
cies (St∗c > 16), the two inserts manufactured with dc = 800 μm
foam emit from similar locations. These findings also support
roughness as the main cause for high-frequency excess noise, with
other secondary mechanisms contributing to the small differences
in the scattered sound levels.

For the permeable dc = 450 μm foam insert, contrary to the
most permeable foam, dominant noise emission lies at the trailing
edge up to Stc = 10, where it moves upstream. Discrepancies in the
location of the main low-frequency emission between the two per-
meable treatments indicate that the permeability of a trailing-edge
insert is indeed related to the acoustic impedance jumps created by
the permeable treatment. It, therefore, seems that, for lower perme-
ability materials, the actual edge scatters sound more efficiently than
other regions along the insert, thus becoming the main contribu-
tor to the overall low-frequency noise emission; however, for higher
permeability treatments, the acoustic impedance jump created more
upstream is larger. Following the optimized porous media proposed
in Ref. 82, this result suggests that inserts with increasing perme-
ability along the streamwise direction would distribute the acous-
tic impedance jump along the insert, further reducing the scattered

FIG. 16. Source maps for the one-third
octave band with fc = 2000 Hz (Stc = 20)
for the three test cases. Legend as in
Fig. 15.
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FIG. 17. Streamwise location of the maximum Lp (1/3) in the source maps with
respect to the solid case. (a) Absolute coordinates. (b) Coordinates relative to the
location of the solid edge.

noise. These observations are also supported by the change in the
slope of the low-frequency acoustic spectra, reported in Sec. III only
for the permeable dc = 800 μm foam insert. Spectra for the permeable
dc = 450 μm foam insert and the baseline configuration have approx-
imately the same slope within the frequency range where noise is
emitted from the trailing-edge. For the permeable dc = 450 μm foam
insert, the lower permeability of the material is not enough to pro-
mote dominant low-frequency scattering from locations other than
the trailing edge, and besides the reduction of unsteady pressure mis-
match, noise abatement might be partially caused by a decrease in
turbulent kinetic energy within the boundary layer.33 For the dc =
800 μm foam insert, the higher permeability causes the main noise
emission to occur upstream the trailing edge; for this reason, hydro-
dynamic quantities measured above the edge are inconsistent with
the reported noise scattering, as reported in previous experimental
work.25

VI. CONCLUSION

Aerodynamic and acoustic measurements on a NACA 0018 air-
foil with solid and porous trailing-edge inserts covering 20% of the
chord length are carried out. Permeable porous inserts are manu-
factured employing metal foams with different permeability values.
To further assess the effect of the permeability, two nonpermeable
counterparts are also manufactured by applying a solid membrane
in the symmetry plane. Noise source localization and far-field spec-
tra measurements are performed by means of a phased microphone
array. Time-resolved planar PIV measurements are performed to
study the flow field around the inserts.

Far-field noise spectra show up to 7 and 10 dB noise attenu-
ation with respect to the solid trailing edge below St∗c equal to 20
and 16 for inserts with increasing permeability. Conversely, nonper-
meable metal foam and solid inserts produce similar far-field noise
scattering below these St∗c . Above the St∗c , permeable and nonper-
meable treatments increase noise with respect to the baseline case,
confirming that the excess noise is due to roughness. Yet, the most
permeable insert generates additional noise (up to 2 dB) with respect
to its nonpermeable equivalent, whereas the least permeable insert
has the opposite behavior.

The appearance of cross-flow is confirmed by cross-correlating
low-frequency wall-normal velocity fluctuations within the mea-
sured domain; this analysis reveals near-wall regions of correlated
flow at upper and lower sides of the airfoil only for the permeable
inserts. This phenomenon evidences a communication process that
affects flow at both sides of the trailing edge, reducing the acoustic
impedance jump at the edge (hence sound generation). Contrarily, at
higher frequencies, where noise increase with respect to the baseline
configuration is reported, velocity fluctuations are not correlated.

As a consequence, changes in the dominant sound emission
location within porous treatments are detected in the noise source
maps. At lower frequencies, the most permeable insert scatters noise
mainly from upstream the trailing edge, while the least permeable
insert emits from the edge. The permeability of the treatment thus
determines the magnitude of the acoustic impedance jumps cre-
ated along the metal foam treatment, defining where the scatter-
ing of wall-pressure waves into acoustic pressure perturbations is
more efficient, in agreement with analytical models24 and numeri-
cal results.23 Above the St∗c , main noise emission occurs upstream
the trailing edge independently of the porous insert. Consequently,
surface roughness is confirmed as the main contributor to high-
frequency excess noise; yet, additional noise generation mecha-
nisms, such as interference between sources present along the insert
or/and unsteady injection/ejection of flow, might account for small
differences in excess noise between permeable and nonpermeable
inserts.

These findings demonstrate the significant role of the cross-
flow for broadband self-noise attenuation using permeable materials
at the trailing-edge. They also suggest that permeable trailing-edge
treatments with a streamwise permeability gradient might overcome
the performance of homogeneous porous materials, in line with
previous numerical research,82 as it might allow us to create treat-
ments with a gradual dampening of the pressure mismatch. Further
analysis on these aspects, as well as on the phenomena contribut-
ing to the high-frequency noise increase, will be addressed in future
research.
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