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The acoustic and aerodynamic fields of blunt porous plates are examined experimentally in an effort to mitigate
trailing-edge bluntness noise. The plates are characterized by a single dimensionless porosity parameter identified in
previous works that controls the influence of porosity on the sound field. Hot-wire anemometry interrogates the
velocity field to connect turbulence details of specific regions to flow noise directivity and beamforming source maps.
Porous plates are demonstrated to reduce the bluntness-induced noise by up to 17 dB and progressively suppress
broadband low-frequency noise as the value of the porosity parameter increases. However, an increase in this
parameter also increases the high-frequency noise created by the pores themselves. The same highly perforated plate
characterized by a large value of the porosity parameter reduces the bluntness-induced vortex shedding that is
present in the wake of the impermeable plate. Lastly, pore shape and positional alignment are shown to have a
complex effect on the acoustic field. Among the porosity designs considered, plates with circular pores are most
effective for low-frequency noise reductions but generate high-frequency noise. No meaningful difference is found
between the acoustic spectra from plates of the same open-area fraction with pores aligned along or staggered about
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speed of sound, m/s

chord length, m

frequency, Hz

boundary-layer shape factor

boundary-layer thickness, mm

pore radius, mm

Reynolds number based on ¢,

hole-to-hole center spacing, mm

Strouhal number based on plate thickness

Strouhal number of bluntness-induced vortex shedding

intensity of the turbulent velocity fluctuations

free-stream velocity, m/s

i = discrete measurements of the streamwise velocity at
each time step, m/s

= time averaged velocity at specified position, m/s

= root-mean-square of velocity, m/s

velocity fluctuation, m/s

plate thickness, mm

streamwise Cartesian coordinate, m

spanwise width of tunnel, m

= spanwise Cartesian coordinate, m
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z = vertical Cartesian coordinate, m

a, = open-area fraction

4 = acoustic power exponent of U

o = dimensionless porosity parameter

o* = boundary-layer displacement thickness, mm

[ = boundary-layer momentum thickness, mm

0] = spectrum of the turbulent velocity fluctuations, m? /s

1. Introduction

OISE measurements of live animals indicate that owls fly

quieter than other birds [1,2], especially at high frequencies.
This quiet flight is believed to be caused in part by the tattered fringe
at the trailing edge (TE) of their wings. This edge feature has been
idealized by wing porosity [3], which has been shown to reduce flow
noise in a laboratory setting using guidance from theoretical analyses
[2,4]. With inspiration from nature’s silent flier, the owl, engineers
seek to use porosity to reduce flow noise with applications to wind
turbine blades, submarines, fan rotors, and even airplane wings [2,5—
7]. The early theoretical and numerical work of Howe [8] on porous
plate acoustics modeled a point vortex passing over a trailing edge to
show that the presence of perforations could reduce trailing-edge
noise significantly. Computational simulations by Khorrami and
Choudhary [9] indicated that the presence of porosity on a flat plate
can reduce sound by reducing the strength of the edge scattering and
by modifying the hydrodynamic noise source itself.

Further experiments investigated the acoustic and aerodynamic
effects of fully and partially porous airfoils in an aeroacoustic wind
tunnel with a microphone array and a force balance setup to measure
changes in lift and drag [10,11]. These experiments used porous SD
7003 airfoils composed of various foams, where the presence of
porosity reduced aerodynamic noise by up to 10 dB for frequencies
less than 10 kHz. The reductions in noise depended strongly on the
flow resistivity of the porous medium, and these porous airfoils
generated excess noise at frequencies above 10 kHz. Later theoretical
works modeled chordwise-varying porosity inspired by the flow
resistivity of owl wings in aerodynamic [12,13] and acoustic [14]
contexts, where the latter study found that varying the pore distribu-
tion of perforated surfaces can lead to greater noise reductions than in
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the case of uniform porosity. These studies also showed changes in
directivity due to porosity and overall noise level reductions.

In addition to categorizing permeable materials by porosity, flow
resistivity (which is directly connected to permeability), and tortuos-
ity [15,16], more recent studies have characterized porous designs by
their acoustic impedance. In the study by Jiang [17], porous material
characteristics such as hole size and spacings were selected according
to the characteristic acoustic impedance and the absorption coeffi-
cient, as measured by an impedance tube using the transfer function
method of Chung and Blaser [18,19]. Their study showed that porous
edge extensions, compared to a nonporous airfoil, reduce low-
frequency noise butincrease noise at higher frequencies, except when
paired with serrations, which are known to reduce high-frequency
noise successfully [20]. The increase in noise at high frequencies has
been observed and attributed in many other studies as being due to a
surface roughness effect [10,11,17,21]. In addition, recent numerical
simulations have shown this excess noise to be caused by an acoustic
dipole arising from interactions of edge-induced flow separation with
the suction-side surface of a NACA 0012 airfoil [22]. Although
increases of noise by porous plates at high frequencies are well-
documented in the research literature [10,11,17,21], further exper-
imental investigations into the mechanisms of this excess noise are
warranted, and the use of porosity to reduce noise in other frequency
ranges should not be discounted.

Porous designs may be tailored to reduce specific types of flow-
induced noise. One of these kinds of noise is bluntness noise, which is
tonal in nature and originates from vortex shedding at the TE. This
kind of noise is highly dependent on edge geometry and Reynolds
number and typically occurs at

2ﬂfzwake ~1 (1)
U

where . 1S the wake scale when the ratio of the bluntness height to

the boundary-layer displacement thickness is greater than 0.3 (see

Table 5.3 in [23]). For the case of NACA 0012 airfoils and flat plates,

bluntness vortex shedding is prevalent between chord-based Strouhal

numbers of St = 0.12 and St = 0.22 [24,25].

Showkat Ali et al. [26] investigated experimentally the use of
porous treatments to reduce bluntness noise occurring at St~ 0.2.
In their best case, they found that highly permeable materials could
reduce the maximum tonal noise by 35 dB [26], but this level of noise
reduction depended strongly on the permeability and volumetric
porosity of porous materials. They also found that the use of porous
edges helped to reduce the flow velocity and acceleration about the
edge, which is thought to lead to a weakening of the vortex shedding.
In addition to porous metal foams, structured porous edges have also
demonstrated the ability to reduce bluntness noise in experimental
studies [27]. Multiple computational studies have demonstrated the
ability of porosity to reduce TE bluntness noise on flat plates. For
example, in a large eddy simulation (LES) numerical campaign, Bae
et al. [28] found that porous TE treatments can reduce the vortex
shedding frequency by 13 dB, and Koh et al. [25] used an LES/
computation aeroacoustics method simulation that found the overall
sound pressure level generated by a finite-edge flat plate can be
reduced by up to 12 dB through the use of edge porosity.

Whereas these prior studies demonstrated that porosity can suc-
cessfully reduce overall broadband noise and bluntness tonal noise,
the question remains how porosity and its realization as a geometric
design affect the acoustic power scaling on flow speed for bodies in a
flow. Also, the effects of porosity in the form of pores (or perfora-
tions) on bluntness noise have yet to be investigated from a combined
acoustical and hydrodynamical perspective. These technical chal-
lenges are addressed in the present work through the lens of theo-
retical guidance from the dimensionless porosity parameter
governing the problem to discern if and when geometrical effects
of porosity designs have an impact on flow noise from porous edges.

The acoustic power scaling of the radiated sound on flow speed,
U7, varies between 5 <y <6 for porous edges and acoustically
noncompact airfoils [3,11], which is to be compared against the y =
5 result for impermeable edges [29]. In Chen et al. [4], a time-domain

Green’s function approach solves the acoustic scattering problem
inspired by Kambe et al. [30] of a vortex ring passing over a semi-
infinite porous plate to predict the acoustic power scaling, directivity
patterns, and acoustic pressure waveforms. Their theoretical model
uses a dimensionless porosity parameter, composed of physical
details of the porous/perforated medium and the acoustic field,
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which was first identified by Ffowcs Williams [31] in his analysis of
infinite porous surfaces. In Eq. (2), , is the open-area fraction, c is
the speed of sound, f is the frequency, and R is the pore radius. The
porosity parameter §, which was also referred to as u/k in Jaworski
and Peake [3] and Chen et al. [4], following the original analysis of
Crighton and Leppington [32], was used by Jaworski and Peake [3] to
show that the acoustic scaling of porous edge noise on flight speed
becomes U® for large values of 8, which results in an effective
decrease of noise in low-Mach-number flows. The behavior of the
velocity scaling exponent y as a function of the dimensionless
porosity parameter ¢ is depicted in Fig. 1. The change in acoustic
power scaling is accompanied by a notable change in sound direc-
tivity, from a cardioid shape at U? to a dipole shape at U° [4].

Experiments at the Applied Research Laboratory at the Pennsyl-
vania State University were the first to experimentally investigate this
parameter 6 to describe how permeability affects the scattered sound
field. Preliminary results from a vortex-ring setup in a quiescent fluid
show favorable changes in directivity and sound power at different
values of ¢ [33,34]. However, a companion experiment to confirm
these results using a turbulent boundary layer to generate the trailing-
edge noise is currently lacking.

A problem in the way of investigating the noise scaling effects of
porous edges is the many noise generating mechanisms that affect the
scaling such as bluntness noise. The purpose of this paper is to
examine experimentally, for the first time, to the best of our knowl-
edge, the sound field and source regions of blunt-edged porous plates,
characterized by this dimensionless porosity parameter, in a fluid
flow over a range of ¢ values. This effort is carried out using single
far-field microphones and a planar microphone array to measure the
acoustic field, as well as a hot-wire anemometry to measure the
turbulent velocity field. Changes in sound pressure level and direc-
tivity are measured in complement to the central focus on the reduc-
tion of edge bluntness noise engendered by porous edges. The effects
of pore shape and spatial distribution on the resulting acoustic and
hydrodynamic fields are also analyzed.
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Fig. 1 Theoretical predictions for the acoustic power scaling on flow
speed y as a function of the dimensionless porosity parameter 6. Adapted
with permission from Chen et al. [4]. Copyright 2022, Chen et al.
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II. Methods

The experimental apparatus involves 0.17 m (chord length) X
0.30 m (span width) X 0.003 m (thickness) acrylic plates that are
designed with various hole shapes and spacings to cover a range of
values of §. The desired parametric range of ¢ is determined from the
theoretical analysis of Chen et al. [4]. Subsequently, three groupings of
plates, with low (L), medium (M), and high (H) permeability (or
porosity), are designed and presented in Table 1 and Fig. 2 to span
from the effectively impermeable, to the transitional, to the highly
porous behaviors of porous edge noise. In contrast to its adaption for a

Table1l Testplate information
Name Hole type R,mm s,mm o, % 6Xf,Hz
L1 Circular aligned 0.9 12.5 1.6 1.24x 103
L2 Circular unaligned 0.9 125 16 124x10°
L3 Square aligned 0.9 195  0.86 0.664x 103
L4 Square unaligned 0.9 19.5  0.86 0.664 x 10°
M1 Circular aligned 0.9 5.0 10 7.72 % 10°
M2 Circular unaligned 0.9 5.0 10 7.72 % 10°
M3 Square aligned 0.9 8.0 5.1 3.94x 103
M4 Square unaligned 0.9 8.0 51  3.94x10°
H1 Circular aligned 0.9 4.0 16 12.4x10°
H2 Circular unaligned 0.9 4.0 16 124 x10°
H3 Square aligned 0.9 49 13 10.1 x 10°
H4 Square unaligned 0.9 49 13 10.1 x 10°
N e

O
O
O

O
O

O
O
O

a) b)
|
c) d)

Fig.2 Layout for (a) circular aligned, (b) circular unaligned, (c) square
aligned, and (d) square unaligned holes.
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vortex ring in Chen et al. [4] using the vortex ring speed as the velocity
scale, the dimensionless porosity parameter ¢ is here set by Eq. (2) and
depends inversely on frequency f, which is any selected frequency
within the acoustic spectrum of the flow noise generated by the plate.
Specifically, the plates are designed for noise measurements within the
300 to 4000 Hz range, where each group (L, M, H) has a similar
theoretical § at the same frequency. The lower bound of this range,
300 Hz, is set by the lowest frequency that can be accurately measured
due to the signal-to-noise ratio of the aeroacoustic wind tunnel facility
with background noise. The upper bound of this range, 4000 Hz, is
chosen due to the manufacturing limitations of the plates. To maximize
6 at higher frequencies [see Eq. (2)], the smallest pore radius, R, was
chosen that could be reliably manufactured.

To investigate how changes in pore geometry might affect local
flow and its generated noise and associated directivity, circular and
square holes with both aligned and offset pore patterns (with respect
to the flow direction, U) are investigated. These different hole spac-
ings are depicted in Fig. 2. The pores are manufactured by a 75-W
Universal Laser Systems model PLS6 150D laser cutter. The
hydraulic radius is taken for the R term in & in the case of square
holes. The low-parameter plates, labeled starting with L (see Table 1),
enable 0 in Zone 1 in Fig. 1; the medium parameter plates, labeled
starting with M, enable & in Zone 2, and the high parameter plates,
labeled starting with H, enable 6 in Zone 3. Also, an impermeable
plate is included for reference comparison. Circular and square holes
are chosen to test the effect of different pore shapes, as geometrical
effects (besides pore size) and their associated real flow effects are not
captured by 6 and are therefore unknown. Lastly, all plates were
equipped with approximately 12 mm wide strips of anti-slip tape on
both sides at a chordwise location of x/c; = 0.10 to force transition
and thus ensure the presence of a turbulent boundary layer at the TE.

The experimental measurements were conducted in the small open
jet aeroacoustic wind tunnel at the Brandenburg University of Tech-
nology in Cottbus, Germany [35], as shown in Fig. 3. The nozzle in
the experiments has a rectangular exit area with dimensions of 0.23 X
0.28 m and a maximum flow speed of approximately 50 m/s.
Attached to the upper and lower edges of the nozzle are rectangular
sideplates made of acrylic glass. Similar to the setup in [36], circular
rotatable discs were set into the sideplates. The flat plates under
examination were mounted at both ends to these circular discs to
allow for the adjustment of the geometric angle of attack, which was
zero in all studies considered here.

The acoustic measurements were performed with eleven 1/4 inch
free-field microphones located on an arc at one side of the test section
and with a planar microphone array located at the opposite side along
one wall of the test section. The data were synchronously recorded with
asampling frequency of 51.2 kHz and a duration of 40 s and stored on a
RAID system. Postprocessing was performed using the open source
Python package Acoular [37]. For the measurements with single
microphones, the time data were transferred to the frequency domain
using a fast Fourier transform (FFT) according to Welch’s theorem
[38], which was done on Hanning-windowed blocks with a size of
8192 samples and with an overlap of 50%, yielding a frequency

Fig.3 (a) Labeled schematic and (b) photograph of the experimental acoustic setup inside the aeroacoustic wind tunnel.
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resolution of 6.25 Hz. The results were then converted to sound
pressure levels (SPLs) in decibels with a reference value of 20 yPa.
The same FFT settings were used for the measurements with the planar
microphone array, and Functional beamforming [40] was applied on
the resulting cross-spectral matrix using Acoular to extract the noise
source locations and magnitudes. A 6 dB level is subtracted from the
beamforming result to account for the reflection at the rigid array, thus
leading to results that correspond to the value a single microphone
would measure at the center of the array. To test whether reflections
from the planar array affected measurements from the radially spaced
microphones, comparison measurements were made with the planar
array uncovered and covered by an acoustically absorbent material.
Acoustic spectra measured from the radially spaced microphones
showed no noticeable difference between the two cases. Using the
approach described in Glegg & Devenport ([41], Table 18.3), the
averaging uncertainty of the autospectra based on the number of FFT
blocks is 8.9%. The averaging uncertainty of the cross-spectral density
magnitude (part of the cross-spectral matrix used in beamforming
calculations) is 16% (approximately £1dB) at 5 kHz between the
center microphone on the arc and its neighbor.

Constant temperature anemometry (CTA) measurements were
performed using a DANTEC Dynamics hot-wire system and a
55P15 boundary-layer probe. The data were recorded with a sam-
pling frequency of 25.6 kHz and a duration of 10 s. Initial measure-
ments were taken at center span at a distance of 0.09 m from the
nozzle exit to analyze the flow field it supplies without a testplate
installed. This distance corresponds to the leading-edge location of
the plates. The velocity profile at this location is uniform and has a
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Fig. 4 Flow conditions for empty tunnel at the location of the leading
edge of the plates (U/U and Tu for U = 30 m/s).
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very low turbulence intensity, T'u, of approximately 0.24% at the
center point (see Fig. 4). The intensity of the turbulent velocity
fluctuations is defined here as

Tu = Ug‘ > 3)

where the root-mean-square of the turbulent velocity fluctuations
collected over N time samples is

“

and the turbulent velocity fluctuations are
Ui=U-U 5)

Further CTA measurements were performed in the near wake and
upstream boundary layer of selected plates to analyze the flow field
and how it is affected by the presence of porosity. These temporal data
of the turbulent velocity fluctuations were transferred to the fre-
quency domain using the same functions described previously for
the acoustic signals to obtain the spectra of the turbulent velocity
fluctuations, ®, with a frequency resolution of 3.125 Hz.

To understand more about the porous plates’ effects on the boun-
dary layer, the boundary-layer thickness, displacement thickness,
momentum thickness, and shape factor are calculated from the
CTA data. The boundary-layer thickness, £, from experimental mea-
surements is taken as the height where the mean velocity reaches 99%
of the freestream velocity. The boundary-layer displacement thick-
ness, 6%, and the momentum thickness, @, are calculated in the
standard manner [42],

o0 U(2)
o = 1-——=)d 6
/FO( U) ¥4 (6)

[ U@x)\ (Uk)
9—[=O(I—T)'(T)dz (7)

The shape factor,

H=- ®

follows as the ratio of the displacement thickness and momentum
thickness. The measurement setup is detailed in Fig. 5a, and Fig. 5b
illustrates the streamwise x and spanwise y locations of the mea-
surements.

The CTA measurements were taken in two regions of the plate:
1 mm behind the TE in the near-wake region and 5 mm upstream from

TE

1 mm

b)

Fig.5 (a) CTA setup schematic and (b) closeup on porous TE with labeled spanwise and chordwise positions for the near-wake (A and B) and upstream

(C and D) measurements.
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the TE. The measurement locations for the near wake are labeled as
points A and B, and the upstream measurement locations are labeled
as points C and D in Fig. 5b. The spanwise location of points A and C
is aligned with the center of a pore, and the spanwise locations of
points B and D are aligned with the gap between two pores. The near-
wake measurements sweep from one side of the plate to the other in
the vertical direction, and the upstream measurements begin at a
distance of 2.5 mm from the plate surface to ensure that the probe
did not accidentally come in contact with the testplate. Using the
approach of Glegg & Devenport ([41], Table 18.1), the averaging
uncertainty of the mean velocity profiles, measured in the free stream
of the tunnel at 30 m/s is 0.0038 %, and the velocity root-mean-square
error based on the total number of samples is 0.28%. The averaging
uncertainty of the spectrum of the turbulent velocity fluctuations
based on the number of FFT blocks is 26% (approximately +1dB
at —30 dB). All uncertainty values are given at a 95% confidence
level, and the errors are assumed to random and distributed normally.

III. Results

A. Sound Pressure Level Spectra and Soundmaps

Results are shown and discussed for the impermeable reference
plate and for the perforated plates described in Table 1 and shown in
Fig. 2. The flow speeds range from 9 m/s < U < 40 m/s, which
yield an estimated chord-based Reynolds number range of 1.03 X
10° < Re < 4.48 x 10°. Strouhal number-domain spectra from the
radially spaced microphone at 90° to the flow (see Fig. 3) for the
impermeable plate at all flow speeds are shown in Fig. 6. The Strouhal
number, St, is calculated using

St =— 9)

where w is the plate thickness.

In general, these sound pressure level (SPL) spectra increase in
magnitude with increasing velocity (Reynolds number) and have sharp
tonal peaks at the bluntness-induced, vortex-shedding Strouhal number.
Looking to Fig. 6, the place where the peaks occur is referred to as St,,
or the Strouhal number of bluntness vortex shedding, and these values
span 0.18 < St;, < 0.25. The variation of St with Re is shown in Fig. 7
With the exception of the lowest Re case, the range of St,, is similar to
findings from [17,26] and within the range 0of 0.12 < St < 0.22 found in
Vathylakis et al. [24], which is denoted by the dashed horizontal lines. In
addition to this comparison of St, with those found in other exper-
imental works, the bluntness noise peak was also predicted in the same
third-octave band using an analytical model [43]. A small outlier in the
data is the St;, peak in the spectra recorded at Re = 2.05 X 10°, where
the peak amplitude is slightly lower than expected as it is nearly the
same height as that recorded at Re = 1.45 x 10°. This was seen over
multiple test days, and it is thought to be the result of an unknown
physical mechanism of the tunnel.

To examine how the porous plates affect the acoustic spectra,
including the bluntness-induced vortex shedding peak, Fig. 8
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Fig. 7 Dependence of bluntness-induced vortex shedding Strouhal
number, St;, on Re for the nonporous plate.
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shows sound pressure spectra in third-octave bands recorded by the
90° microphone as a function of Strouhal number at a selected
Reynolds number, Re = 3.37 X 10°, for the low-, medium-, and
high-porosity groupings of plates compared to the background
noise of the empty tunnel and nonporous plate labeled BG and
NP, respectively.

With increasing a;, and therefore § come increasing reductions of the
bluntness noise peak. Within these spectra are three main areas of
interest: 0.02 < St < St;, where the porous plates reduce broadband
noise, St;, where the porous plates greatly reduce the bluntness-
induced vortex shedding tonal noise, and St > St;, where the porous
plates create excess noise. Within the low Strouhal number range of
0.02 < St < St,, the porous plates can reduce third-octave band SPLs
up to 10 dB (see Fig. 8c). In addition, SPL of the third-octave band that
contains the St; can be reduced by up to 16 dB. These reductions come
atacost, as an increase in porosity leads to an increase in excess noise at
St > St,. High-frequency excess noise has been noted in many other
experimental investigations of porous edges [10,11,27], as well as in
simulations of porous [22] and dimpled edges [44]. The ability of the
porous plates to attenuate low-frequency and bluntness noise dimin-
ishes as the porosity parameter decreases. The low-porosity plates in
Fig. 8a have only a modest effect on the low-frequency noise and
reduce the bluntness noise peak by approximately 2 dB. The results for
the medium-porosity plates in Fig. 8b lie between those of the low- and
high-porosity plates. The trend whereby porosity reduces low-
frequency noise below the St, but increases high-frequency noise
beyond the St is seen at all flow speeds.

Beamforming results, in tandem with the raw spectra, help to
make sense of the acoustic effects of the perforated plates. Figure 9
show soundmaps calculated using the Functional deconvolution
beamforming algorithm at Re = 3.37 x 10°, the same Re as is
presented in Fig. 8, of the nonporous and highly porous plate
H1 at Strouhal numbers within the three aforementioned areas
of interest: low Strouhal number broadband noise reduction,
bluntness-induced vortex shedding tonal noise reduction, and
excess high Strouhal number noise. Within Fig. 9, the testplate

I I 0
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i 1 =
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S
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(blue line), sideplates (gray line), and nozzle (green line) are labeled
accordingly, and the flow direction is left to right.

The high porosity plates in Fig. 8c are successful at reducing the
low-frequency noise below the frequency of the tonal noise peak and
can greatly reduce the magnitude of the peak (see soundmaps in
Figs. 9aand 9b). Figure 9a illustrates that the location of the bluntness
noise from the nonporous plate is centered on and along the TE.
Again, these reductions come at the cost of an increase in high-
frequency noise at frequencies greater than the bluntness noise peak
(see soundmaps in Figs. 9c and 9d), where excess high-frequency
noise is generated on the porous plate across the entire perforated
area. Soundmaps at frequencies below the bluntness shedding peak
are not shown, as most common beamforming methods are known to
perform poorly at low frequencies due to limitations of the setup [45].

The different pore geometries have a noticeable effect on the noise
spectra, as well. In general, the plates with circular perforations are
more successful at reducing the bluntness noise peak. For the high-
porosity set, the plates with square holes (H3, H4) reduce lower-
frequency noise slightly better than those with the circular pores
(H1, H2), but this trend is reversed at Strouhal numbers greater than
0.2 (see Fig. 8c). The opposite is true for the medium- and low-
porosity plates, where the circular pores produce the greatest low-
frequency noise reductions but also produce more high-frequency
noise (see Figs. 8a and 8b). It was hypothesized in this study that
offsetting the holes in the flow direction (plates L2, M2, and H2) may
lead to a reduction in roughness noise due to the increase in stream-
wise spacing and therefore larger characteristic separation length
between holes. However, no meaningful differences in the shape of
the acoustic spectra are found between plates of aligned and offset
holes with the same frequency-based &.

Figures 10 and 11 summarize how the bluntness vortex shedding
peak changes with Strouhal number for the porous plates and how the
different porous plates reduce the SPL of this tonal peak. In general,
Fig. 10 shows the bluntness peak reduces in Strouhal number with an
increase in Reynolds number for the porous plates, which follows the
trend of nonporous plates. Although the L1 plate had the highest Sz,
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Fig.9 Beamforming results for nonporous (left) and H1 porous (right) testplates at different third-octave bands centered on multiple Strouhal numbers

at Re = 3.37 x 10°.
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Fig. 11 SPL at St, as a function of Re for all plates and flow speeds.

at all velocities and the medium plates typically resulted in a higher
St,, than that of the nonporous plates, it is challenging to find a trend
that describes the relationship between pore shape and bluntness peak
within the same porosity group. One thing to note is that in Fig. 10,
the highly porous plates have an S7, close to that of the nonporous
plate as they all virtually eliminate the bluntness peak from the
spectra, thus making it challenging to discern. The significant reduc-
tion in bluntness noise at high Reynolds numbers has a positive
outlook for the applications of this work, where modern applications
of flow noise reduction technologies, for example, wind turbines,
operate in higher Reynolds numbers [46].

Figure 11 displays the amplitude of the bluntness-induced vortex-
shedding peak generated by each plate across all tested Reynolds
numbers. In general, an increase in the porosity parameter is accom-
panied by a reduction of the bluntness noise; the maximum decrease
in tonal noise occurs for plate HI at Re = 2.82 x 10°> with an
attenuation of 17 dB. Notable deviations in this overall trend occur
at Re = 2.02 x 103, where some of the low-porosity plates increase
the noise at the bluntness peak. This effect may be explained by the
relatively low initial amplitude at the St, peak of the nonporous plate
at this Reynolds number, as shown in Fig. 6. For qualitative com-
parison, Fig. 11 includes the U3 and US trends, in the form of dashed
lines, that are expected from the scaling of sound sources scattered by
an impermeable [29] or highly porous edge [3,4], respectively. The
bluntness noise levels do not trend with these theoretical scattering
predictions at lower Reynolds numbers. However, these data begin to
approach the acoustic scattering trends at higher values of Reynolds
number. It is important to note that the creation of tonal noise due to
vortex shedding is a different physical mechanism than the trailing-
edge scattering mechanism for which these scaling relationships
were determined. These observations suggest a focused study that
is beyond the scope of the present work to reconcile the possible
interaction of the vortex-shedding and acoustics scattering noise
mechanisms as a function of the Reynolds number.

B. Changes to Overall Sound Pressure Levels and Directivity

In addition to the effect of the different porosities on the far-field
noise spectra, their effect on the total noise is also analyzed. This
analysis is carried out by evaluating the changes to the overall sound
pressure level (OSPL),

OSPL = 1010g10(ZIOSPL'/ 10dB) dB (10)

where SPL; is the sound pressure level at each frequency band from
300 to 10,000 Hz calculated using the process described in Sec. IL.
Figure 12 shows the OSPL vs Re for each grouping of the porous
plates compared to the background noise (BG) of the tunnel and the
nonporous plate (NP), as measured by the center microphone. The
maximum reduction in OSPL due to porosity is approximately 3 dB
for plates H1 and H2. This relatively small reduction in OSPL is due
to the porous plate creating excess roughness noise at high frequen-
cies. Whereas plates H1 and H2 (with circular pores) are the most
successful of the high-porosity grouping, the overall performance of
the plates in the medium- and low-porosity groupings varies greatly
with hole geometry and Re, as M4 performed slightly better than M2
at high velocities. However, this ordering is the opposite at lower
velocities.

This trend of slight reductions in noise can be further visualized by
polar plots of OSPL calculated at all 11 radially spaced microphone
locations. Figure 13 shows the OSPL for the reference plate and porous
plates L2, M2, and H2 at different Re. The porous plates M2 and H2
are able to reduce the OSPL at nearly all measured angles and flow
speeds. However, the ability of plate L2 to decrease OSPLs depends on
the flow speed and microphone number. At Re = 1.03 x 10°, the
measured OSPLs from each plate were nearly identical. At the remain-
ing velocities, the L2 plate was nearly the same level as the imper-
meable, and the levels of the M2 and H2 plates were nearly identical



Downloaded by Virginia Tech University Libraries Serials on August 27, 2024 | http://arc.aiaa.org | DOI: 10.2514/1.J064045

8 Article in Advance / KERSHNER, JAWORSKI, AND GEYER

= BG
NP
‘ L1
] L2
L3
L4

Il

OSPL, dB

F r B
& > M|

40*1' B T R SR M T N
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45
a) Re/10°

B BG

A== w2
M3
M4

OSPL, dB

e
1.0 1.5 2.0 25 3.0 3.5 4.0 45

b) Re/10°

B BG
‘ NP
: HI1
] H2
H3
H4

I

OSPL, dB

+ > W
+ P> H

A i
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

) Re/10°

Fig. 12 Dependence of OSPL on Re for (a) low-, (b) medium-, and
(c) high-porosity plates.

and just slightly lower than those of the impermeable. On average, at
Re = 4.48 x 10°, the H1 and H2 plates achieved an OSPL reduction
of up to 3 dB. This demonstrates how the low frequency, St < St,,, and
bluntness noise reductions by increased porosity are counteracted by
the increase in roughness noise at St > St,. Interestingly, with an
increase in Reynolds number and porosity, the directivity approaches
a dipole shape. To further investigate the changes in directivity of
specific Strouhal numbers, Fig. 14 is shown.

Figure 14 displays the directivity of sound generated by the
nonporous plate and select porous plates at three key Strouhal
numbers at Re = 3.37 x 10°. Figure 14a displays the SPL at each
of the arc microphones for St = 0.075, at Strouhal number where
porous plates create broadband noise reduction. In general, an
increase in porosity leads to an increase in noise reduction. Figure 14b
displays the directivity at the bluntness noise peak, St = 0.187, and
clearly illustrates how increasing porosity, from plates L2, to M2 and
H2, leads to an increased reduction of the bluntness noise peak. At
St = 0.187, there is a slight trend toward a dipole directivity shaped
when compared to the results at St = 0.075. Lastly, Fig. 14c displays
the directivity of sound at a relatively high Strouhal number,
St = 0.400. With an increase in porosity, an increase in noise is seen
at each of the microphones. Within the range of St > St,,, the high-
frequency excess noise dominates the spectra of the porous plates.

C. Flow-Field Analysis

To further investigate the suspected source of the bluntness-
vortex shedding and the associated tonal peaks, hot-wire anemom-
etry tests were conducted at a flow speed of U = 30 m/s (Re =
3.37x 10°) in the near wake and upstream from the TE of the
nonporous plate and a selected porous plate, H1. The H1 plate was
chosen for its ability to best reduce the tonal peak noise among the plate
specimens considered. The CTA probe traversed away from the edge in
the vertical direction, z. The resulting velocity profiles from the near-

90°
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Fig. 13 OSPLs measured at each radially spaced microphone (see
Fig. 3) at different Reynolds numbers and porosity treatments.

wake and upstream measurements of the nonporous and porous plates
are shown in Fig. 15. The theoretical boundary-layer height is also
shown in Fig. 15 as a yellow star. To aid in viewing, every other
measurement location is plotted and represented by a marker, and all
of the points are connected with a spline fit.

Figure 15a shows the velocity profiles measured in the near wake
of the nonporous and H1 porous plate, where the vertical axis, the
distance from the testplate, is normalized by the nonporous
boundary-layer height, hyp = 6.4 mm. The & measured behind a
pore (labeled H1, hole) on the porous plate, measured at point A in
Fig. 5b, is 4.6 mm, and the # measured along the plate between pores
(labeled H1, gap) at point B is 4.8 mm. The boundary-layer thickness
from the porous cases is smaller than that of the nonporous case. In
addition to estimating the boundary-layer height, other relevant
boundary-layer parameters are calculated.

Table 2 details this boundary-layer thickness 4 along with the
displacement thickness, 6*, momentum thickness, ¢, and shape factor,
H, that are calculated from near-wake measurements of nonporous and
porous H1 plates. In addition to the smaller boundary-layer height, the
porous plates also have smaller displacement and momentum thick-
nesses. The reduction in boundary-layer height and displacement
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HI1 plate measured in (a) near-wake and (b) upstream of the TE.

Table 2 Near-wake boundary-layer measurement data for
nonporous and porous plate H1

Plate Measurement location A2, mm &, mm 6, mm H
Nonporous Near wake 6.4 0.79 054 1.5
HI, hole Near wake, point A 4.6 0.69 041 1.7
HI, gap Near wake, point B 4.8 0.73 043 1.7

thickness could help to explain reductions in broadband and tonal
noise of the plates, as aeroacoustic theory says that the mean-squared
sound pressure generated by trailing-edge noise is proportional to the
turbulence scales [29], and turbulence scales are taken to be propor-
tional to the boundary-layer height. In addition, the higher shape factor
measured for the porous plates indicates a condition similar to the
effect of a stronger adverse pressure gradient, which therefore could
lead to earlier separation.

Velocity profiles measured at 5 mm upstream from the TE and
normalized by the nonporous boundary-layer height hyp, at this
location, are shown in Fig. 15b. The probe began its measurements
at a position 2.5 mm from the plate surface and moves away in the
vertical direction. The boundary-layer height for porous plate mea-
sured at a hole (point C in Fig. 5b) is 4.9 mm and is 5.0 mm measured
at a gap (point D). Finally, the boundary-layer height for the nonpo-
rous case is 6.5 mm. Compared to measurements in the near wake, the
boundary-layer height is slightly larger when measured upstream.
This increase in boundary-layer height at the location of the pores
could support the hypothesis that the pores create additional turbu-
lence. The turbulence intensity profiles are subsequently analyzed to
investigate this hypothesis further.

Figure 16 displays the turbulence intensity from the same set of
measurements as shown in the velocity profile figures for the non-
porous (NP) and H1 plate. For both test locations, the near wake and
upstream of the TE, the turbulence intensity measured close to the
porous plate is greater than that of the nonporous plate. In Fig. 16a,
the turbulence intensity measured in the near wake behind a hole
in the streamwise direction was the greatest. This trend is also seen in
the turbulence intensity profiles measured upstream of the TE in
Fig 16b. The higher turbulence intensity near the porous plate surface
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Fig. 16 Tu profiles at Re = 3.37 x 105 from nonporous plate (NP) and
H1 plate, measured in (a) near-wake and (b) upstream of the TE.
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could help to explain how pores may create excess turbulence, which
could in turn explain the excess noise at high Strouhal numbers.
Beyond a height of approximately z/hyp ~ 0.6 in both the near-wake
and upstream measurement locations, the turbulence intensity of the
nonporous becomes greater than that of the porous plate. This result is
likely due to the fact that the porous plate BL is smaller, and, at this
distance, the probe is starting to move out of the BL and into the
freestream. Further information from the CTA measurements is
gained by analyzing the spectra of the turbulent velocity fluctuations
in the following figures.

Figure 17 shows contour maps of the spectra of the turbulent
velocity fluctuations from the near-wake measurements shown in
Fig. 15a. These contour maps show 101og;,(® /D), where @ is the
spectrum of the turbulent velocity fluctuations and ®, = 1m?s~!.
These data are presented in terms of the Strouhal number and
measurement position. Within each subfigure, the boundary-layer
thickness is shown and labeled 4 p for the nonporous case and /;, and
h, for the porous hole and gap measurements, recorded at points A
and B in Fig 5b, respectively. Figure 17a shows the results from the
nonporous plate, where a significant peak in the turbulence is seen at
St = 0.19 that is consistent with that of the acoustic peak due to

bluntness. This peak is pronounced and dissipates at a distance of
approximately 3w away from the edge. A resonance of this peak is
also seen at St = 0.38. Results from the porous plate H1 are shown
from measurements taken directly behind a perforation and directly
behind a gap between two perforations in Figs. 17b and 17¢, respec-
tively. These measured spectra show a notable lack of a tonal peak at
St = 0.19 when compared to the nonporous plate. However, strong
peaks reappear instead at St = 0.17 and a harmonic at St = 0.34 in
both hole and gap measurements about the porous plate. Another
interesting feature of the contour plots is a decrease in turbulence
intensity at the middle of the plate, z = —w/2, which could be due to
little or no flow circulation existing in this region directly down-
stream of the center of the TE.

The downward shift of tonal peaks from St = 0.19 (nonporous) to
St = 0.17 (porous) is seen in the turbulence intensity measured in the
wake of the plates and is observed in the acoustic spectra from the
plates. However, the acoustic tonal peak is much less pronounced as it
is removed by the presence of porosity. The measured downward
shift could be due to the thinner boundary layer of the porous plate
(see Fig. 15) creating and therefore the length scale of the largest
turbulent structures being smaller, as well. These results also suggest
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Fig. 18 Spectra of upstream turbulent velocity fluctuations, for (a) nonporous plate and (b) porous plate H1 behind hole and (c) behind gap at

Re =3.37x10°.
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that the tonal noise might not always scale with a geometric dimen-
sion of the plate, but instead the wake vortex shedding could scale on
a fluid-dynamic dimension that is yet to be identified. This idea is
similar to the findings of a previous experimental work on cylinders
in a cross-flow [47], where the wake width was found to be an
effective scaling factor. Additional measurements or simulations
are necessary to further substantiate this claim.

Figure 18 displays contour maps of the turbulent velocity spectra
measured upstream from the TE. These measurements began 2.5 mm
from the plate surface in the z direction, and, for that reason, the
vertical axis is changed from that in Fig. 17. The contour plots from
the upstream CTA measurements are very similar to those from the
near-wake measurements. The nonporous plate has an overall larger
region of increased turbulence, attributed to the larger boundary-layer
thickness. However, like in the near-wake measurements, the porous
plates have a region of higher turbulence seen in the range 0.03 <
St < 0.04 which is recorded at all z locations. This corresponds to a
frequency of 300 Hz < f <400 Hz. Interestingly, the acoustic spec-
tra of the porous plates do not contain increases at these frequencies.
This excess turbulence could either be not scattered at the trailing
edge, or it might not relate to far-field noise in the directivity we are
considering. Additional work is necessary to identify the source of
this low Strouhal number turbulence present in both the near-wake
and upstream velocity field of the porous plates. Lastly, the tonal peak
due to bluntness vortex shedding at St, seen between w < z <2 win
the near-wake measurements is not present in the upstream measure-
ments. The absence of the St, in the upstream velocity spectra helps
to confirm that the St, peak in both the acoustic spectra and near-
wake velocity spectra is indeed due to vortex shedding occurring in
the wake.

IV. Conclusions

An experimental program was carried out to evaluate trailing-edge
bluntness noise and its overall reduction using perforated plates. The
plates were designed with pore geometries and spacings to fit three
groups of a dimensionless porosity parameter d, and results of the far-
field sound pressure level spectra and the overall sound pressure level
for various Reynolds numbers were presented. Bluntness vortex
shedding noise is present between 0.17 < St;, < 0.25, and the highest
porosity plates can reduce this noise by up to 17 dB, effectively
removing the peak from the acoustic spectra. The relationship
between hole shape and arrangement with the noise spectra is com-
plex, where the plates with circular holes are more effective in general
at reducing the bluntness noise peak. However, the plates with holes
along the flow direction attenuate low-frequency noise slightly better
than plates with staggered hole placement at most flow speeds. An
increase in open-area fraction «, (and consequently, the dimension-
less porosity parameter §), regardless of shape or pore alignment with
the flow, leads to an increase in high-frequency noise due to the many
surface elements (i.e., holes or pores) acting as noise sources. Direc-
tivity plots of the sound pressure level at a low Strouhal number
where broadband noise is reduced by porosity, the bluntness noise
peak Strouhal number, and a high Strouhal number where excess
noise is created by porosity show a trend toward the anticipated
dipolar shape with increasing porosity parameter.

Complementary analysis of the flow field using hot-wire anemom-
etry shows that porous plates have smaller boundary-layer thickness,
displacement thickness, and momentum thickness than a nonporous
plate in the same flow condition, similar to previous experimental
investigations of a grazing flow over a permeable wall [48]. There is
also a coupling between the wake and the acoustics, where the
turbulence and acoustic spectra are nearly aligned at the bluntness
peak for the nonporous plate. However, results from the porous plate
show a misalignment where the peaks in the turbulence spectra are
shifted toward lower Strouhal numbers, which is seen in the acoustic
spectra but is much less pronounced. Also, the pressure-release effect
of the perforations on the plate leads to a decreased turbulence
intensity when moving farther away from the plate and to a shift of
the tonal vortex shedding peak.

These results motivate future investigations into the mechanisms
leading to the downward shift of the bluntness-induced vortex shed-
ding peak in the turbulence spectra. As partially porous airfoils tend
to reduce the excess high-frequency noise caused by perforations,
future work could also investigate the viability of partially porous
airfoils to reduce bluntness noise without the added downside of
excess high-frequency noise.
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