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Abstract

The tonal noise generation of a circular cylinder in a uniform flow is an important source of aerodynamic noise. It can be
found at parts of the landing gear of airplanes, at pantographs of trains, at antennas and basically all other protruding parts
of vehicles. This noise is due to the periodic shedding of vortices along the cylinder span. One method to reduce this noise is
the use of flow permeable covers around the cylinders. In the present study, measurements were performed in an aeroacoustic
wind tunnel on a large set of porous covered cylinders. In addition to varying the porous material, which is characterized by
its air flow resistivity and its porosity, the thickness of the porous layer was varied as well. The measurements were performed
at Reynolds numbers between 14,000 and 103,000 using microphones located in the acoustic far field. It was found that the
porous covers lead to a notable narrowing of the vortex shedding tonal peak in the sound pressure level spectra, an effect that
increases with increasing porosity and thickness and decreasing air flow resistivity of the porous layer. Based on the large set
of experimental data, basic trends were derived for the estimation of the vortex shedding Strouhal number and the reduction
in the energy in the vortex shedding peak using the method of linear regression. Constant temperature anemometry measure-
ments in the wake of selected cylinders basically showed a similar narrowing of the vortex shedding peak in the spectra of the
turbulent velocity fluctuations. In addition, the measurement of wake profiles showed a reduction in the mean velocity and
the turbulence in the wake as well as a widening of the wake region, while an analysis of the spanwise coherence revealed
that the cause of the overall noise reduction is not a breakup of spanwise turbulent structures. Rather, the results imply that
viscous damping of turbulent flow pressure amplitudes by the porous material strongly contributes to the noise reduction.

Graphic abstract

1 Introduction

04 Thomas F. Geyer When a circular cylinder is placed in a crossflow, so-called
thomas.geyer @b-tu.de Kérman vortices are shed periodically, which results in
1 strong tonal noise known as the aeolian tone (Strouhal

Brandenburg University of Technology Cottbus - . i
Senftenberg, 03046 Cottbus, Germany 1878). Many methods are known for the reduction of this

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00348-020-02972-0&domain=pdf

153 Page 2 of 21

Experiments in Fluids (2020) 61:153

noise (Rashidi et al. 2016), with the use of porous materials
being one that receives increasing attention. Thus, several
studies exist on the use of flow permeable materials for the
reduction of aerodynamic noise from cylinders. This group
of studies can be divided into those in which a total sup-
pression of the vortex shedding tonal noise was observed
(such as Nishimura et al. 1999; Sueki et al. 2010; Nishimura
and Goto 2010; Aguiar et al. 2016; Geyer 2020) and those
in which the vortex shedding noise was reduced, but not
completely suppressed (for example the work of Akishita
and Yahathugoda 2005; Sueki et al. 2010; Liu et al. 2012;
Arcondoulis et al. 2019; Geyer and Sarradj 2016).

Of course, attention has also been paid to the aerody-
namic effect of such porous covered cylinders. Hence, a
very important question is how the use of porous cylinder
covers alters the flow around the cylinders. Basically, sev-
eral effects have been described in previous studies.! One
major observation that has been reported often is that porous
cylinder covers regularize or stabilize the wake flow. This
was found both in numerical studies (Bruneau and Mor-
tazavi 2008; Liu et al. 2012; Naito and Fukagata 2012) and
in experimental investigations (Sueki et al. 2010; Aguiar
et al. 2016; Showkat Ali et al. 2016; Klausmann and Ruck
2017; Xia et al. 2018; Liu et al. 2019; Geyer 2020). Further-
more, it has also been observed that porous cylinder coatings
lead to a delay of the vortex roll-up, and hence a down-
stream shift of the region where the vortex street formation
occurs (Liu et al. 2012; Showkat Ali et al. 2016; Yuan et al.
2016; Klausmann and Ruck 2017; Xia et al. 2018). As a
consequence, many researchers reported a broadening or
widening of the wake (Nishimura et al. 1999; Suzuki et al.
2009; Nishimura and Goto 2010; Ashtiani Abdi et al. 2014;
Aguiar et al. 2016; Yuan et al. 2016; Xia et al. 2018; Liu
et al. 2019; Sadeghipour et al. 2020), while, conversely, a
reduction of this width has also been reported (Klausmann
and Ruck 2017). The latter, however, was for cases where
the cylinder was not fully covered by porous material, it was
only attached to the leeward side. An increase in the length
of the wake has also been reported (Suzuki et al. 2009; Sueki
et al. 2010; Gozmen et al. 2013; Rashidi et al. 2013; Ashtiani
Abdi et al. 2014; Xia et al. 2018; Sadeghipour et al. 2020).
Other effects of the porous materials are a reduction of the
mean velocity (Aguiar et al. 2016; Yuan et al. 2016; Xia
et al. 2018; Yuan et al. 2019) and the turbulence intensity or
the turbulent kinetic energy in the wake (Suzuki et al. 2009;
Nishimura and Goto 2010; Sueki et al. 2010; Gozmen et al.
2013; Aguiar et al. 2016; Showkat Ali et al. 2016; Liu et al.
2019; Sadeghipour et al. 2020).

! This includes only studies on solid cylinders covered by a porous
layer, not fully porous cylinders or hollow porous cylinders.
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Regarding the effect of porous cylinder covers on the drag
coefficient, opposite observations can be found: Some stud-
ies showed that such covers can reduce the drag (Bhattacha-
ryya and Singh 2011; Liu et al. 2012; Klausmann and Ruck
2017), while others observed an increase in drag (Zhao and
Cheng 2010; Naito and Fukagata 2012; Yuan et al. 2016).
Showkat Ali et al. (2016) observed a drag reduction in the
subcritical regime, but an increase in drag in the critical
regime due to porous cylinder covers.

In addition, the fact that the use of porous layers for
microphone windscreens also leads to a reduction of wind
noise, which depends on the properties of the porous mate-
rials (Xu et al. 2011; Zhao et al. 2017), shall also be men-
tioned here for completeness.

Most of the studies on porous covered cylinders, however,
were performed for a limited number of porous materials.
Furthermore, the thickness of the porous covers is often
kept constant as well. In one of the experimental studies,
performed by Geyer and Sarradj (2016), the aerodynamic
noise generated by two-dimensional circular cylinders cov-
ered with different porous materials of the same thickness
was examined. It was found that the porous materials inves-
tigated did not lead to a complete suppression of the vortex
shedding tonal noise, but rather to a narrowing of the tonal
peak. This is in agreement with the numerical findings from
Liu et al. (2012) and with experimental measurements of the
base pressure spectrum from Klausmann and Ruck (2017).

The aim of the present study is to continue the previous
investigation (Geyer and Sarradj 2016), but to additionally
vary the thickness of the porous layer. Furthermore, a large
number of porous materials were newly acquired to comple-
ment the materials from Geyer and Sarradj (2016). Based on
the large resulting data set, the method of linear regression
was used to derive basic trends for the influence of the mate-
rial parameters on the noise reduction that can be achieved.
In addition to the acoustic measurements, constant tempera-
ture anemometry (CTA) measurements were performed in
the wake of selected cylinders to enable further insight into
the effect of the porous covers on the adjacent flow field.

2 Materials and methods
2.1 Wind tunnel

All experiments took place in the small aeroacoustic wind
tunnel facility at the Brandenburg University of Technology
(Sarradj et al. 2009), which is an open jet wind tunnel driven
by a radial fan with a shaft power of 18.5 kW and which can
be equipped with nozzles of different shapes and dimen-
sions. For the current study, a nozzle with a rectangular exit
area 0of 0.23 m X 0.28 m was used, allowing for a maximum
flow velocity of about 60 m/s. The nozzle was equipped
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on two sides with side walls made of acrylic glass, which
had dimensions of 0.4 m in the streamwise direction and
0.38 m in the horizontal direction. The cylinder models were
attached to these side walls on both ends, with a distance of
0.15 m between the cylinder axis and the nozzle exit. At this
position, the turbulent boundary layer thickness is below
10 mm (Moreau et al. 2018). Figure 1 shows a photograph
of the setup, while Fig. 2 shows a corresponding schematic.

The flow velocity U, in the facility is set by adjusting
the pressure in the wind tunnel settling chamber, which is
then used to calculate the velocity at the nozzle exit using
Bernoulli’s principle.

i

Fig. 1 Photograph of the setup used for the acoustic measurements
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Fig.2 Schematic of the setup used for the acoustic measurements
(top view; including the ray path from the cylinder to the microphone
at 6, = + 60° and corresponding corrected microphone location
according to Amiet 1978)

During acoustic measurements, the test section is sur-
rounded by a cabin which has absorbing walls on five
sides (only the side opposite to the wind tunnel nozzle is
open), providing an anechoic environment for frequencies
above approximately 125 Hz.

2.2 Porous covered cylinders

The porous covered cylinders consisted of a non-porous core
cylinder made of polyurethane, on which cylindrical slices
of porous material were threaded. Regarding the dimensions
of the cylinder models, several requirements had to be taken
into account: Firstly, according to the literature (Porteous
et al. 2014), no Karmén vortex shedding may occur for
cylinders with aspect ratios (which is the ratio of cylinder
length to cylinder diameter) below 7. Secondly, the cylinder
diameter should not be too large in order to keep the block-
age of the wind tunnel as small as possible. However, thirdly,
due to manufacturing reasons, the diameter should also not
be too small. Finally, cylinders were designed for which the
outer diameter D was kept constant at D = 30 mm, while the
inner diameter d of the core cylinder was varied between a
minimum value of 6 mm and a maximum value of 22 mm.
Thus, the thickness of the porous layer ¢t = (D — d)/2 ranged
from 4 mm to 12 mm. The length L of the cylinders was
0.28 m, resulting in an aspect ratio L/D of 9.3.

In total, 17 different open-porous materials were used
as covers. They are mainly characterized by their air flow
resistivity

Ap - A
S 0

which is a measure for the resistance of a porous material
against a fluid flow through the material, and is, for a given
fluid, inversely proportional to the viscous permeability k.
The air flow resistivity was measured according to ISO 9053
(ISO 9053 1993). In Eq. (1), ¢ is a static, unidirectional vol-
ume flow through a cylindrical sample of the porous material
with thickness 4 and cross-sectional area A and A4p is the
static pressure difference across the sample. The aim of the
present study was to use a variety of different porous materi-
als with a range of air flow resistivities as large as possible.
In addition to the air flow resistivity, which is assumed to
have the biggest influence on a potential noise reduction
(Geyer et al. 2010), the volume porosity o is also believed
to be important, as materials with very low porosities were
found to not lead to a sufficient reduction in aerodynamic
noise (Geyer 2011; Geyer and Sarradj 2019). The porosity
was estimated using the total density p, of the porous mate-
rial (including the pores), which was either taken from the
datasheet or measured, and the density of the skeletal mate-
rial p, (without the pores) according to
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Table 1 Overview of the cylinders used in the study

Material Description Outer diam- Inner diameter d (mm) Air flow resistiv-  Porosity o (-)
eter D (mm) ity r (Pas/m)
Reference Non-porous 30 - o0 0
Reference, tripped Non-porous 30 - o0 0
Damtec Black Uni Polyurethane/cork granulate 30 10 1,474,300 0.4...0.6
Damtec Standard Rubber/cork granulate 30 10 594,200 0.18...0.32
Oasis Rainbow Foam Synthetic resin foam 30 10 416,200 0.97...0.98
Regufoam V 300 FR Polyurethane elastomer foam 30 10; 20 381,500 0.69...0.75
Regufoam Vibration 190 plus Polyurethane foam 30 10 314,800 0.81...0.85
Getzner CM GR 0525 Polyurethane foam 30 6; 10; 15; 20; 22 141,300 0.71...0.77
ArmaFoam Sound Elastomer foam 30 10 112,100 0.85...09
Damtec SBM K 20 Rubber granulate 30 6; 10; 15; 20; 22 86,100 0.29...0.32
Regufoam Vibration 150 plus Polyurethane foam 30 10; 22 64,500 0.85...0.88
Conmetall Rubber Mat Rubber granulate 30 6; 10; 22 53,200 0.14...0.18
Regupol Vibration 800 Bound rubber fibers 30 10; 20 49,600 0.19...0.23
Damtec estra Rubber granulate 30 6; 10; 15; 20; 22 12,900 0.18...0.29
Basotect Melamine resin foam 30 10; 13; 20 9800 > 0.99
Damtec Black Rubber Rubber granulate 30 6;10; 15; 20 9400 0.23...0.27
Regupol Vibration 550 Bound rubber fibers 30 6; 10; 22 4400 0.25...0.28
Packing Foam Polyurethane foam 30 10 4100 > 0.99
Panacell 90 ppi Polyurethane foam 30 10 4000 > 0.99
o=1— Pr . @ which had thin tripping tape with a width of 1 mm and a
Py height of 0.2 mm applied at an angle of +50° to the flow (fol-

It has to be noted that the porosity values calculated for the
present porous covers should be understood as approximate
values only, especially for the granulate materials. This is
due to the fact that these materials are often conglomerates
containing more than one basic material (such as rubber
and cork) plus some kind of binding agent, which makes it
hard to obtain exact values for the densities of the skeletal
material.

The materials were cut into shape using water jet cutting,
since other technologies that generate heat (such as laser
cutting or milling) are very likely to destroy or close the
pores on the surface. The disadvantage of water jet cutting,
however, is that it did not yield tolerable results for materi-
als with very low air flow resistivities and high porosities,
because those are usually very soft. Hence, the porous mate-
rials of the current study have rather medium and high air
flow resistivities.

From each material, at least one cylinder cover was cut,
using an inner diameter of 10 mm. In order to also evalu-
ate the influence of the thickness of the porous layer, cyl-
inder covers with differing inner diameters d were cut from
several of the materials. For the purpose of comparison, a
non-porous reference cylinder with the same (outer) diam-
eter of 30 mm was additionally used. In addition, a second
reference cylinder was used for the acoustic measurements,
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lowing the work of Igarashi 1986). Thus, in the end, meas-
urements were performed on a total of 43 single cylinder
models. Table 1 gives an overview of all cylinders used,
while Fig. 3 exemplarily shows a photograph of a subset of
the cylinder models.

2.3 Acoustic measurement setup

The measurements were done using sixteen 1/4th inch free
field microphones (type MI-17, with a nominal sensitivity
of 50 mV/Pa and a typical frequency response of +0.5 dB
in a frequency range from 20 Hz to 4 kHz) arranged on two

Fig.3 Photograph of some of the cylinders (left: two cylinders cov-
ered with Regufoam Vibration 150 plus, center: two cylinders cov-
ered with Basotect, right: three cylinders covered with Regupol
Vibration 550)
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arcs positioned on opposite sides of the test section, with
a radial distance of 0.61 m. As is visible in Fig. 2, one arc
contained eleven microphones, ranging from an azimuthal
angle of +30° to +130° in 10° steps. The other arc contained
five microphones, ranging from — 30° to — 110° in 20° steps.

The data were recorded with a sampling frequency of
51.2 kHz and a duration of 90 s using a National Instru-
ments 24 Bit multichannel measurement system. In post-
processing, the time data were converted to the frequency
domain using a fast Fourier transformation (FFT) on Han-
ning-windowed blocks of 65,536 samples with an overlap
of 75%. This leads to spectra of the sound pressure with a
small frequency step size of only 0.8 Hz. Finally, the data
were converted to sound pressure levels L, with a reference
value of 20 pPa.

2.4 Constant temperature anemometry setup

In addition to the acoustic measurements, CTA measure-
ments were performed on a subset of the porous covered
cylinders, with the aim to help understand the effect of the
porous covers on the flow in the vicinity of the cylinders.
Three different kinds of investigation were performed: In
the first one, profiles of the mean velocity and the turbu-
lence intensity were measured in the wake of the cylinders,
using a Dantec P11-type single wire probe. These wake pro-
files were obtained at two downstream locations: the first
one outer diameter D downstream from the cylinder axis
(labeled the “near wake”) and the second 10.5 outer diam-
eters D downstream from the cylinder axis (labeled the “far
wake”). Thereby, the distance between neighboring meas-
urement locations in the lateral direction was varied. It was
0.5 mm in the region downstream from the cylinder, with an
extent of 1 D to each side from the axis, and was increased
to 1 mm further to the side. The probe was positioned using
a three-dimensional traverse system with a minimum step
size of 0.1 mm. The data were recorded with a sampling
frequency of 25.6 kHz and a measurement duration of 12 s
using a 24 Bit National Instruments digital signal acquisi-
tion module. In post-processing, the first 2 s of each data set
were omitted to account for possible vibrations of the hot-
wire probe after each step of the traverse system. From the
remaining data, both the mean velocity U and the turbulence
intensity Tu = ii/ U, were calculated, i being the root-mean-
square value of the measured velocity fluctuations.

In a second investigation, power spectral densities of the
turbulent velocity fluctuations in the wake of the cylinders
were measured. This was again done using a single wire
probe, which, in agreement with (Bearman 1969; Kamps
et al. 2017), was positioned one outer diameter D down-
stream of the cylinder and one half outer diameter off center.
The data were recorded with the same sampling frequency
of 25.6 kHz, but an increased measurement duration of

80 s. The time data were then transferred into the frequency
domain using an FFT. This was done blockwise on blocks
of 32,768 samples with an overlap of 50%, resulting in the
same frequency spacing as used for the acoustic spectra.

In the third investigation, the spanwise coherence y%(f)
between two identical Dantec single wire probes was meas-
ured. The first probe was located at a fixed position, one
outer diameter D downstream of the cylinder, aligned with
its axis, with a distance of one D from the side wall. The
second probe was traversed in the spanwise direction away
from the first probe, with a step size of 1/12D. The coher-
ence function can then be calculated from the resulting auto
spectral densities G, (f) and G, ,(f) and the cross spectral
density Gy ,(f) from the probe signals according to (Bendat
and Piersol (2010))

G100

_ 3
G 1(N) -Gy (N

r’(f) =
Basically, the coherence is a measure for the relation
between two signals. It is a frequency-dependent parameter
that can take values between zero and one. If it is equal
to zero, the two signals are completely unrelated, and if it
approaches one, the signals are related. The latter could
occur for example when both signals are the output of a
linear system that are caused by the same input signal. The
spanwise coherence can provide information on the size of
coherent structures in the wake of the cylinders and thus help
to understand how the porous consistency changes the flow
field and, subsequently, the generation of aerodynamic noise.
These measurements were done with the same sampling fre-
quency of 25.6 kHz, but a shorter measurement duration
of 10 s per measurement point due to the large number of
points.

3 Results and discussion
3.1 Acoustic measurements

For each cylinder, measurements were conducted at 14
flow speeds between 7 m/s and 52 m/s, leading to Reynolds
numbers Re, (based on outer cylinder diameter D) between
14,000 and 103,000. Thus, the flow regime is the subcritical
one (Fey et al. 1998; Hutcheson and Brooks 2012).

3.1.1 Overview

In a first step, the influence of the porous material and the
influence of the material thickness on the resulting sound
pressure level spectra will be shown individually at a single
flow speed, based on measurements taken with the micro-
phone at an angle of 90° (see Fig. 2). As shown in Fig. 4, the
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Fig.4 Sound pressure level spectra obtained for cylinders covered
with different materials at Re;, = 99,000 with the microphone posi-
tioned at 90° to the flow, d = 10 mm (mss NON-POrous, wmmm NON-
porous tripped, porous: r = 1,474,300 Pa s/m?, 594,200 Pa s/
m?, = 416,200 Pa s/m% s 381,500 Pa s/m’ == 314,800 Pa s/
m?, me= 141,300 Pa s/m” s 112,100 Pa s/m” == 86,100 Pa s/m?,

porous material has a notable influence on both the broad-
band noise and the tonal noise, which was already observed
in a past study (Geyer and Sarradj 2016). In general, the
spectra show three distinct tonal peaks. The first, which is
due to classical Kdrmén vortex shedding, appears at a Strou-
hal number S of 0.18 (corresponding to a frequency around
300 Hz), while the first two harmonics of this tone appear
as considerably smaller peaks at twice and three times this
frequency. Regarding the broadband noise, it is visible that
materials with low air flow resistivities lead to a greater
noise reduction than materials with higher air flow resistivi-
ties. At frequencies above the third peak, it can be seen that
the sound pressure level differences are in the order of up to
10 dB. Regarding the tonal noise, it is visible that the porous
covers lead to a narrowing of the vortex shedding peak, but
not to its complete suppression. This was already observed
in a previous study (Geyer and Sarradj 2016) and agrees well
with the findings from Liu et al. (2012), who show numeri-
cally obtained far field sound pressure level spectra, and
Klausmann and Ruck (2017), who show measured surface
pressure spectra. It is also visible that the frequency of the
vortex shedding peak is different for the different materials,
an effect that will be investigated more closely in Sect. 3.1.3.
In addition, Fig. 4 shows that the sound pressure level spec-
trum obtained for the reference cylinder with tripping tape is
nearly identical to that obtained for the untripped reference
cylinder.

The effect of the thickness of the porous layer on the
noise generation is then shown in Fig. 5, which is done

@ Springer
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Sr=f-D/U,

m= 64,500 Pa s/m’, mmm 53,200 Pa s/m’, mmm 49,600 Pa s/m’, mem
12,900 Pa s/m?, mem 9800 Pa s/m’, mem 9400 Pa s/m?, mem 4400 Pa s/
m?, wem 4100 Pa s/m?, mem 4000 Pa s/mz), gray line: background noise
level, measured without a cylinder, but with the side plates installed;
gray hatched area: broadband noise

exemplarily for two porous materials. The first one
(Fig. 5a), Basotect, has a low air flow resistivity of only
9800 Pa s/m? and a high porosity ¢ > 0.99, while the
second, Damtec SBM K 20 (Fig. 5b), has a considerably
higher air flow resistivity of 86,100 Pa s/m* and a lower
porosity between 0.29 and 0.32. Basically, it can be seen
that an increase in thickness, and hence a decrease in inner
diameter d, leads to a further increase in broadband noise
reduction as well as a decrease in amplitude and a further
narrowing of the vortex shedding peak. However, these
effects are clearly visible for the material with the low air
flow resistivity, while they are much weaker for the mate-
rials with high air flow resistivity. For the porous covers
with even higher air flow resistivities, such as Regufoam
V 300 FR (r = 381,500 Pa s/m?) or Getzner CM GR 0525
(r = 141,300 Pa s/m?), the differences are almost negligi-
ble (not shown here for brevity).

It can also be concluded from Fig. 4 and, especially,
Fig. 5, that there is no hint of any vortex shedding from
the core cylinder, which would lead to additional tonal
peaks at a range of different Strouhal numbers in the sound
pressure level spectra. Instead, the main vortex shedding
peak always appears in the same range of frequencies as
that of the non-porous reference cylinders, revealing that
the outer diameter D is the essential dimension regarding
the vortex shedding. This effect, which is in agreement
with the previous study (Geyer and Sarradj 2016) as well
as with results from other researchers (Yuan et al. 2019),
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(b) Damtec SBM K 20, r = 86,100 Pa s/m? (e non-porous,
porous: A d = 6 mm, ® d = 10 mm, » d = 15 mm, =
d = 20 mm, < d = 22 mm), gray line: background noise
level, measured without a cylinder, but with the side plates
installed; gray hatched area: broadband noise.

Fig.5 Sound pressure level spectra obtained for cylinders covered
with materials of different thickness at Re;, = 99,000 with the micro-
phone positioned at 90° to the flow

will be further analyzed in Sect. 3.2 using results from hot
wire measurements.

In the following sections, the acoustic effect of the porous
covers on both the broadband noise and on the tonal noise
due to periodic vortex shedding will be examined in more
detail.

3.1.2 Effect on broadband noise

In order to analyze the effect of the porous covers on the
broadband noise generation, an overall sound pressure level
for the broadband noise was calculated according to

OSPL = 10 - logy, (Z 104/ IOdB) dB. @)

Thereby, the integration included the sound pressure levels
at all frequencies for which the Strouhal number was either
smaller than 0.12 or greater than 0.65, which corresponds to
the gray hatched areas in Figs. 4 and 5. Thus, the tonal part
of the sound pressure level spectrum, which contains the
vortex shedding tone and its first two harmonics, was omit-
ted from the integration. This was done for the data recorded
with the microphone at an angle of 90°.

Figure 6 shows the resulting broadband overall sound
pressure levels as a function of Reynolds number Re;, and
Mach number M = U, /c (with c being the speed of sound)
for all cylinders of the present study. Overall, it is visible that
the broadband noise level approximately increases with the
sixth power of the Mach number. Regarding the influence of
the porous materials, it can be observed that materials with
low air flow resistivities result in the lowest broadband noise
levels, with noise reductions in the order of 10 dB. This con-
firms the basic findings from Fig. 4. Still, all porous covered
cylinders of the present study lead to a reduction of broad-
band noise compared to the reference cylinder, even those
with very high air flow resistivities. While the broadband
noise reduction is very small at low Reynolds numbers, it is
more pronounced at Reynolds numbers above approximately
50,000. There, the difference between the reference cylinder
and the porous covered cylinders is at least 2 dB (for materi-
als with high air flow resistivities) and more (for materials
with low air flow resistivities).

The present results agree well with those from Liu et al.
(2012) and with those from Klausmann and Ruck (2017),
who also report a dampening of the broadband fluctuations
of the pressure around a cylinder modified with porous mate-
rial on the leeward side.

3.1.3 Effect on tonal noise

In what follows, the effects of the porous covers on the tonal
peak due to classical Karman vortex shedding will be exam-
ined, using the data measured by the microphone at 90° only.
Due to the large amount of data, this is done in a more sta-
tistical way by pointing out basic trends and trying to derive
simple mathematical relationships for these dependencies.
Firstly, the effect of the porous covers on the peak Strouhal
number S, is shown in Fig. 7 as a function of Reynolds
number and Mach number. For the bare reference cylinder and
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Fig. 7 Strouhal number of the Karmén vortex shedding peak obtained
by the microphone at 90° for all cylinders from Table 1, materials
are color-coded (msm non-porous, == =s non-porous tripped, porous:
r= - 1,474,300 Pa s/m’ - 594,200 Pa s/m’ == 416,200 Pa s/
m?, == 381,500 Pa s/m? === 314,800 Pa s/m? m= 141,300 Pa s/
m?, mmm 112,100 Pa s/m’, == 86,100 Pa s/m’ mm 64,500 Pa s/m?,

the tripped reference cylinder, the Strouhal number slightly
decreases from 0.22 at the lowest Reynolds number to about
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0.18 at the highest Reynolds number. These values agree
well with the literature (Blake et al. 1986; Fey et al. 1998).
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The slight decrease in the Strouhal number with increasing
Reynolds number has also been observed in the previous
study (Geyer and Sarradj 2016) as well as in experiments
by Hutcheson and Brooks on cylinders of a similar diam-
eter (Hutcheson and Brooks 2012). Regarding the porous
covers, a clear trend is visible: At low Reynolds numbers
Rep, < 25,000, the Strouhal numbers obtained for the porous
covered cylinders are below that of the reference cylinders.
With increasing Re,, the Strouhal numbers of the porous cov-
ered cylinders decrease as well. However, for most materials,
this decrease occurs with a lower slope than for the non-porous
reference cylinders. Thus, at high Reynolds numbers, cylin-
ders covered with materials with medium and high air flow
resistivities lead to a higher Strouhal number than that of the
non-porous reference cylinder. Only cylinders covered with
materials with very low air flow resistivities lead to Strou-
hal numbers below that of the reference cylinders. This result
agrees well with that from the previous study by the author
(Geyer and Sarradj 2016).

In a next step, the method of linear regression (Willis et al.
1997; Schmidt and Lipson 2009; Sarradj and Geyer 2014) was
used to derive basic trends for the dependencies of the peak
Strouhal number of the vortex shedding tone shown in Fig. 7.
By using this method, it is possible to formulate mathematical
equations of varying accuracy and complexity only based on
a given dataset. For the present study, the aim is to find simple
formulas that allow for a better understanding of the influence
of the different input parameters rather than to identify a very
complex equation that might have a very high accuracy. At
the same time, the models should, if possible, comply with
theoretical dependencies known for dipole noise sources. In
the present case, the method was applied to a total number of
588 data tuples, from which 50% were used as training data
and 50% as validation data.

It is reasonable to assume that the peak Strouhal number
depends on the properties of the porous materials (the air flow
resistivity r and the porosity o), the thickness of the porous
covers t and the Reynolds number or the Mach number. Since
the outer diameter was kept constant and the temperature did
not vary much during experiments, both the Reynolds num-
ber and the Mach number more or less depend only on the
flow speed and thus will lead to similar results. However, a
dependency of the Strouhal number on the Reynolds number
according to

m
VRe ©)

S =8+

can be expected according to Fey et al. (1998), where S*
and m are constants. In the subcritical flow regime, these
constants were found to be S* = 0.1776 and m = 2.2023.
Hence, it was decided to use the Reynolds number instead
of the Mach number for the Strouhal number model, and a
dependency on 1/ \/R_e was demanded.

Since a physically meaningful mathematical model
requires dimensionless parameters, the term

_ e

= D ©6)

was defined, which can be understood as a normalized per-
meability of the porous materials, with p being the density
of air. The air flow resistivity » appears in the denominator,
which was chosen on purpose in order to obtain a value of
¢ = 0 for the non-porous reference cylinder (instead of a
value of infinity, which is much harder to handle mathemati-
cally). Table 2 lists the possible input parameters and their
ranges for the linear regression analysis. The thickness of
the porous covers was non-dimensionalized using the outer
diameter D of the cylinders.

One of the resulting mathematical expressions, which
considers all parameters of the porous covers and at the
same time fulfills the requirement regarding a preferably
high level of simplicity, is given by

Sr = 0.1668 + 0.0222 zi) —0.0076 ¢ & +28.4872 ¢ Re™!

+5.2953 Re" 2.

@)
This formulation has a goodness of fit of 0.75 and a mean
absolute error of 0.004. Despite this relatively large error,
it nevertheless allows for several significant conclusions:
Firstly, the normalized permeability according to Eq. (6) and
the porosity appear together in one term, showing that both
parameters together have an influence on the Strouhal num-
ber. This term has a negative sign, meaning that both a high
air flow resistivity and a low porosity will lead to an increase
in the peak Strouhal number. This agrees well with the spec-
tra shown in Fig. 4 and the results shown in Fig. 7. In addi-
tion, the normalized permeability { appears in a second term
that also contains the Reynolds number, which accounts for
the different slopes observed in Fig. 7 for the different mate-
rials. Secondly, the Strouhal number increases with increas-
ing thickness of the porous layer, which is visible (although
not as clearly as the influence of the air flow resistivity and
the porosity) in Fig. 5. In addition, as mentioned above, a
theoretical dependence on 1/ \/R_e was maintained. It has to
be noted, of course, that Eq. (7) was derived based on the

Table 2 Input parameters of the porous cylinder covers for the linear
regression analysis

Parameter Range
Normalized permeability ¢ (Eq. (6)) 0.009...3.464
Porosity & 0.16...0.99
Normalized thickness of porous cover #/D 0.133...0.4
Mach number M 0.02...0.15

Reynolds number Re;, 13,990...102,200
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Fig.8 Energy in the Karman vortex shedding peak obtained by
the microphone at 90° for all cylinders from Table 1, materials are
color-coded (wmm non-porous, sswsm non-porous tripped, porous:
r= - 1,474,300 Pa s/m’ - 594,200 Pa s/m’ w= 416,200 Pa s/
m?, == 381,500 Pa s/m’ === 314,800 Pa s/m? m= 141,300 Pa s/
m?, s 112,100 Pa s/m’, mem 86,100 Pa s/m’, mm 64,500 Pa s/m?,

parameter ranges specified in Table 2, and hence it may not
be valid for parameters outside these ranges.

The significance of the contribution of the single param-
eters to the formulation given in Eq. (7) can be quantified
using the sensitivity metric, which specifies the relative
impact of a variable x; (i = 1, 2,... n) on a target function
g =f(x,x,,...x,) according to

ag

ox;

_ o(x;)

@) ®)

where % is the partial derivative of g with respect to x; and

o() is the standard deviation of the respective variable. The
sensitivities for the different input variables for the model
according to Eq. (7) are 0.97 for the Reynolds number, 0.32
for the parameter ¢, 0.25 for the normalized thickness #D
and 0.20 for the porosity o.

As a second measure for the analysis of the tonal noise
generated by the cylinders, the energy of the tonal peak
L, speax 18 shown in Fig. 8 for all cylinders of the present
study as a function of the Reynolds number Re;,. As in
Geyer and Sarradj (2016), it is defined as the integral of the
energy in the Kdrmén vortex shedding peak between the
two points where the level is 10 dB below the maximum.

In general, it can be expected that the peak energy is
a function of the Mach number. Furthermore, for a theo-
retical dipole noise source a dependence on M® should be
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visible (see, for example, Keefe 1962). In experimental
studies on finite cylinders, however, the overall velocity
scaling may differ from the theoretical scaling. For exam-
ple, the peak levels shown by Hutcheson and Brooks (2012)
for cylinders of similar diameter as in the present study
are scaled with M®, but the resulting curves still show a
slight decrease with increasing Mach number. In the pre-
sent study, the peak energies are found to scale with the
fourth to sixth power of the Mach number, which agrees
with the findings from the previous study (Geyer and Sar-
radj 2016). Interestingly, the results seem to show some
kind of transition in the scaling behavior: For Reynolds
numbers below approximately 25,000 and above 60,000,
an overall scaling close to the theoretical M® dependency is
visible (although the exponent seems to be slightly lower in
the lower range). In the region between those two Reynolds
numbers, the scaling exponent is even lower. The reason for
this change is not clear yet, but it has also been observed in
the previous study (Geyer and Sarradj 2016) using a differ-
ent experimental setup. One possibility is that this is caused
by a transition of the boundary layer flow over the acrylic
glass side plates, since no tripping tape was applied to the
side plates. This would lead to a sudden increase in the
boundary layer thickness on the side plates and hence a dif-
ferent interaction with the cylinder. A detailed investigation
of the effects of side plates on the vortex shedding noise
from cylinders, including the coherence between velocity
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Fig.9 Difference of the energy in the Karmén vortex shedding peak
obtained by the microphone at 90° for all cylinders from Table 1,
positive values denote noise reduction, negative values denote noise
increase, materials are color-coded (porous: r = 1,474,300 Pa s/
m?, — 594,200 Pa s/m? == 416,200 Pa s/m? == 381,500 Pa s/
m?, s 314,800 Pa s/m’ s 141,300 Pa s/m? m== 112,100 Pa s/

fluctuations measured in the cylinder wake and the radiated
noise, has been done by Fujita (2010). Another possible
cause of the transition-like behavior seen in Fig. 8 is that
some change in the boundary layer flow over the cylinders
occurs. This needs to be examined in future studies, prefer-
ably including more detailed flow measurements such as
Particle Image Velocimetry.

Regarding the effect of the porous covers, it can be seen
that at Reynolds numbers approximately above 25,000, the
energy obtained for the porous covered cylinders is clearly
below that of the reference cylinders, which again confirms
the noise reduction potential of such covers. Thereby, the
noise reduction obtained by porous materials with low air
flow resistivities and high porosities is greater than that
obtained for materials with high air flow resistivities and
low porosities. For the most effective materials of the pre-
sent study, the noise reduction at the highest Reynolds num-
bers exceeds 10 dB. At the two lowest Reynolds numbers of
the present study, however, all but one of the porous covers
(the one with the lowest air flow resistivity of 4000 Pa s/
m? and a high porosity of ¢ > 0.99) generate a higher peak
energy than the non-porous reference cylinders.

In order to be able to evaluate the sound reducing ability
of the porous cylinder covers in more detail, the difference of
the peak energy will be analyzed. It is calculated according to

ALp,Zpeak = Lp,Zpeak, reference — Lp,Zpeak, porous* (9)

4
Rep [107]

m?, s 86,100 Pa s/m?, mmm 64,500 Pa s/m?, mem 53,200 Pa s/m?, mem
49,600 Pa s/m”, mmm 12,900 Pa s/m?, e 9800 Pa s/m?, mem 9400 Pa s/
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nesses of the porous layer are given by different markers and line
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Thus, a positive value of AL, 5., denotes a reduction in the
tonal noise from Karman vortex shedding due to the porous
covers, while a negative value denotes a noise increase. The
results are shown in Fig. 9, again as a function of Reynolds
number. Basic trends already observed in Fig. 8 can now be
seen even more easily. At Reynolds number below 25,000,
all porous covers lead to a noise increase. This is especially
true for materials with medium to high air flow resistivities,
where differences of the peak energy of up to 15 dB were
obtained. For Reynolds numbers above 25,000, all porous
covers lead to a notable noise reduction. The only exceptions
are porous cylinders covered with Oasis Rainbow Foam
(d=10 mm, r = 416,200 Pa s/m?, ¢ = 0.97.. 0.98), Getzner
CM GR 052 (d = 6 mm and d = 10 mm, r = 141,300 Pa s/
m%o=071.. 0.77) and Conmetall Rubber Mat (d = 10 mm,
r=153,200 Pas/m?, ¢ =0.14.. 0.18), that show a slight noise
increase at a Reynolds number around 80,000. Basically,
this noise reduction is especially distinctive for materials
with low air flow resistivities, where it can take values of
up to 20 dB.

As was done for the Strouhal number of the porous cov-
ered cylinders, the data shown in Fig. 9 were used to iden-
tify an empirical relationship to predict the difference in the
energy in the Karméan vortex shedding peak compared to the
non-porous reference cylinder, based on the parameters of
the porous covers and those of the flow as given in Table 2.
Thereby, the measured peak energies were converted to
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equal those obtained for a cylinder of 1 m length. Based on
the observation that the overall Mach number scaling for
the porous covered cylinders is not fundamentally differ-
ent from that obtained for the non-porous reference cylinder
(see Fig. 8), only a dependence on the Reynolds number has
been considered. This means that the fundamental scaling
with M® observed for Reynolds numbers below 25,000 and
above 60,000 as well as the reduced scaling exponent in the
range between those two, which may be due to some kind of
transition, will be preserved by the model.

Finally, a formulation was chosen from the set of resulting
equations that contains all parameters of the porous covers.
It was calculated based on 574 data tupels and is given by

AL, s = (5.3026 +4.1800 l—’) +1.7547¢ 6

—3.5955 - 10° Re™* — 4.6487 - 10~ Re) dB.

(10)
The prediction model has a goodness of fit of 0.77 and a
mean absolute error of 1.6 dB. Again, this equation allows
for some basic conclusions on the dependencies of the peak
energy difference AL, s, . Firstly, it contains a constant
with a positive sign, already revealing that a positive dif-
ference, and hence a reduction in the energy in the Karman
vortex shedding peak compared to the reference cylinder due
to the porous covers, is likely. Secondly, the energy differ-
ence increases with increasing thickness of the porous layer,
confirming that, overall, a thick porous layer will lead to a
greater noise reduction than a thin porous cover. Thirdly,
the third term contains both the normalized permeability {
according to Eq. (6) and the porosity . Thus, this summand
increases with decreasing air flow resistivity r and increasing
porosity, again confirming that a low air flow resistivity and
a large porosity are beneficial regarding a high noise reduc-
tion. The remaining terms in Eq. (10) contain the depend-
ence on the Reynolds number Re. They lead to a notable
increase in the energy difference with increasing Re in the
range of low Reynolds numbers and to a very slight decrease
in the energy difference with increasing Re at high Reynolds
numbers, which agrees well with the overall trend that is
visible in Fig. 9. Again, it should be noted that Eq. (10) may
not be valid for parameters outside of the ranges specified
in Table 2.

The sensitivity of the prediction model given by Eq. (10)
was calculated for the input parameters according to Eq. (8),
which resulted in a value of 1.79 for the Reynolds number,
0.18 for the normalized permeability ¢, 0.13 for the porosity
o and 0.10 for the normalized thickness #D.
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Fig. 10 Directivity of the vortex shedding peak obtained for cylinders
covered with different materials at Re;, = 99,000, d = 10 mm (mm
Nnon-porous, == mm non-porous tripped, porous: 7 = wem 1,474,300 Pa s/
m?, - 594,200 Pa s/m?, == 416,200 Pa s/m?, == 381,500 Pa s/
mZ, s 314,800 Pa s/m?, mes 141,300 Pa s/m?, me= 112,100 Pa s/
m?, mm 86,100 Pa s/m?, mem 64,500 Pa s/m?, mm 53,200 Pa s/m’, mem
49,600 Pa s/m?, sem 12,900 Pa s/m?, mem 9800 Pa s/m?, mem 9400 Pa s/
m?, mmm 4400 Pa s/m?, mem 4100 Pa s/m?, mem 4000 Pa s/m?, theo-
retical dipole)

3.1.4 Tonal noise directivity

In addition to the analyses of the peak Strouhal number
and the peak energy above, the effect of the material prop-
erties and the thickness of the porous cover on the directiv-
ity of the sound pressure level maximum at the Kdrman
vortex shedding peak was investigated. This was done
using the eleven microphones positioned on one side of
the test section at azimuthal angles between 30° and 130°
(see Fig. 2).

A comparison of the directivity of the vortex shed-
ding noise from the cylinders covered with different
porous materials but identical inner diameter d = 0.01 m
is shown in Fig. 10. Basically, it can be concluded that
the porous covers for the most part have no effect on the
directivity compared to that obtained for the reference
cylinder. However, it is also visible that the directivity
for two of the cylinders, which are covered with materials
with both a low air flow resistivity and a high porosity
(Basotect, with r = 9800 Pa s/m?%, ¢ > 0.99 and Panacell
90 ppi with r = 4000 Pa s/m?, 6 > 0.99), shows some
differences when compared to the directivity of the non-
porous reference cylinder: At small azimuthal angles,
approximately between 30 and 80°, and hence in the
forward direction, the peak level of the vortex shedding
tone is considerably lower than that measured at 90°. A
similar effect, although not that distinct, can be seen for
the cylinder covered with Packing Foam, the third mate-
rial characterized by a very low air flow resistivity of
4100 Pa s/m? and a high porosity > 0.99. It seems that a
low air flow resistivity and a high porosity are not only
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advantageous regarding the overall reduction in the vortex
shedding peak and the broadband noise, but they also lead
to an additional reduction in the vortex shedding noise
in the downstream region. In addition, Fig. 10 contains
the theoretical directivity function of a translating dipole,

)
sin” 0,

D(0,)= ——"t
) (1 +Mcos0,)*

Y
as given by Brooks et al. (1989); Fujita et al. (1999);
Hutcheson and Brooks (2012), where 6, is the angle
between the free stream and the observer. It is expressed in
the retarded coordinate system (Amiet 1978), which takes
into account the refraction at the wind tunnel shear layer on
the direction of the emitted noise. As such, it is the angle
between the retarded source location and the corrected
microphone location (as an example, the ray path from the
cylinder to the microphone at a measured angle of 6,, = 60°
and the corresponding corrected microphone location are
included in Fig. 2).

It can be seen from Fig. 10 that the measured directivi-
ties still differ from that of the theoretical dipole. This
may have several reasons, one of which is an additional
effect of the shear layer on the amplitude of the sound
waves, which is not accounted for in the directivity func-
tion given by Eq. (11). This is due to the fact that these
corrections are based on very basic models of the shear
layer (such as parallel shear layers of constant thickness),
which most likely differ from a real shear layer. Another
is the fact that the cylinders have a finite length, which
means that the microphones will record signals from vari-
ous spanwise stations, but may potentially also be influ-
enced by some wall-junction effects.

The effect of the thickness of the porous layer on the
directivity of the vortex shedding tonal noise is then
shown in Fig. 11, again for a material with low air flow
resistivity and high porosity (Basotect, r = 9800 Pa s/
mZ, 6 > 0.99,in Fig. 11a) and for a material with higher
air flow resistivity, but lower porosity ¢ = 0.29...0.32
(Damtec SBM K 20, r = 86,100 Pa s/m?, in Fig. 11b).
The polar plots show that with increasing thickness of
the porous cover, the effect of an additional reduction of
the vortex shedding peak in the downstream region can
be observed. This effect is stronger for the material with
low air flow resistivity (Fig.,11a), but still visible for the
material with higher air flow resistivity (Fig. 11b).

3.2 Flow field measurements
In this section, results from the CTA measurements will

be analyzed and discussed. Thereby, the main aim is to
investigate if the hot-wire results can confirm the acoustic
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(a) Basotect, r = 9,800 Pa s/m? (wsm non-porous, ssm non-
porous tripped, porous: ® d = 10 mm, ¥ d = 13 mm, =
d = 20 mm, theoretical dipole)
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(b) Damtec SBM K 20, r = 86,100 Pa s/m? (msm non-porous,
= mm non-porous tripped, porous: A d = 6 mm, ® d = 10 mm,

»d =15 mm, md = 20 mm, < d = 22 mm, theoretical

dipole)

Fig. 11 Directivity of the vortex shedding peak obtained for cylinders
covered with materials of different thickness at Re;, = 99,000

results or if they could even be used to help explaining
the acoustic results.

3.2.1 Wake profiles

Figures 12 and 13 show profiles of the mean velocity and the
turbulence intensity measured in the near wake (one outer
diameter downstream from the cylinder axis), obtained for a
set of cylinders with different porous materials but identical
inner diameter and for a set of cylinders with identical mate-
rials, but different thickness of the porous layer, respectively.
Due to the symmetry of the problem, only half of the wake
profile is shown.

Regarding the influence of the porous materials (Fig. 12)
it is visible that, overall, they lead to an increase in the width
of the wake, which is in agreement with various past stud-
ies (for example Nishimura et al. 1999; Suzuki et al. 2009;
Nishimura and Goto 2010; Ashtiani Abdi et al. 2014; Aguiar
et al. 2016; Yuan et al. 2016; Xia et al. 2018; Liu et al. 2019;
Sadeghipour et al. 2020). Thereby, the width increases with
decreasing air flow resistivity and increasing porosity (the
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Fig.12 Flow characteristics for cylinders covered with different
materials at Re;, = 70,000, measured in the near wake 1 D down-
stream, d = 10 mm (mmm non-porous, = = non-porous tripped, porous:
7 = mm 141,300 Pa s/m?, msm 86,100 Pa s/m?, mem 49,600 Pa s/m?, mem
12,900 Pa s/m’, mmm 9800 Pa s/m”, mmm 9400 Pa s/m?, mmm 4400 Pa s/
m?, mmm 4100 Pa s/m?)

latter will again be discussed below). This can be seen in
more detail in Fig. 12(c), where the width of the wake Ay,
normalized with the outer cylinder diameter D, is shown as
a function of the air flow resistivity r of the porous covers.
The width is calculated as the lateral distance between the
two points in the velocity profiles where the mean velocity
drops below 70% of the flow speed U,,. Globally, it can be
observed that the width of the wake is greater for materials
with low air flow resistivity. However, two local maxima
can be seen in the graph, which belong to the two materials
that, in addition to a low air flow resistivity, also have a very
high porosity o > 0.99. These are the Packing Foam with
r=4100 Pa s/m? and Basotect with =9800 Pa s/m”. This
confirms that a large porosity is also effective in increasing
the width of the wake. For the porous material with the high-
est air flow resistivity of this investigation (Getzner CM GR
0525 with r=141,3 Pa s/mz), the wake is even more slender
than for the non-porous reference cylinder.

It can also be observed from Fig. 12a that the mean veloc-
ity in the wake of the porous covered cylinders is notably
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Fig. 13 Flow characteristics for cylinders covered with materials of
different thickness at Re;, = 70,000, measured in the near wake 1 D
downstream (wsm non-porous, ss ms non-porous tripped, (a) and (b)
porous: = 9800 Pa s/m?, ¢ >0.99, d = mem 10 mm, == == 20 mm; (c)
and (d) porous: r = 9400 Pa s/m?, ¢ =0.23..0.27, d = mma 6 MM,
10 mm, mam 15 mm, mmmm 20 mm; (e) 7 = mm 9800 Pa s/m% o > 0.99,
== 9400 Pa s/m?, 6 = 0.23...0.27

reduced compared to the reference cylinder. For the cyl-
inder covered with Basotect (r = 9800 Pa s/m?, & >0.99),
which is the one with the smallest wake velocity, it takes a
value of approximately 25% of the outer flow speed U, in
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Fig. 14 Flow characteristics for
cylinders covered with different
materials at Re;, = 70,000,
measured in the far wake

10.5 D downstream, d = 10 mm
(mmm NON-POTOUS, mm mm NON-
porous tripped, porous:

7 = mm 141,300 Pa s/m?, s
86,100 Pa s/m?, mmm 49,600 Pa s/
m?, mm 12,900 Pa s/m?, mem
9800 Pa s/m”, mmm 9400 Pa s/m?,
= 4400 Pa s/m”, wem 4100 Pa s/
m2)

the center of the wake, compared to a value of nearly 50%
for the reference cylinder. Again, this is in good agreement
with previous findings (Aguiar et al. 2016; Yuan et al. 2016;
Xia et al. 2018; Yuan et al. 2019). In addition to the mean
velocity, the porous covers also lead to a reduction of the
turbulence intensity in the wake as is visible from Fig. 12b,
which agrees with the results from other researchers as well
(Suzuki et al. 2009; Nishimura and Goto 2010; Sueki et al.
2010; Gozmen et al. 2013; Aguiar et al. 2016; Showkat Ali
et al. 2016; Liu et al. 2019; Sadeghipour et al. 2020). For
example, for the cylinder covered with Basotect the turbu-
lence intensity at y = 0 is about 14% compared to about 23%
measured for the reference cylinder.

The effect of the thickness of the porous covers on the
profiles of mean velocity and turbulence intensity in the
near wake is shown in Fig. 13, exemplarily for two different
porous materials: Basotect, the melamine foam with a low
air flow resistivity of » = 9800 Pa s/m? and a high porosity
o >0.99 and Damtec Black Rubber, which consist of a rub-
ber granulate with » = 9400 Pa s/m* and ¢ = 0.23...0.27.
Thus, both materials have a similar air flow resistivity, but
a notably different porosity. In agreement with the previous
analysis, it can be seen from Fig. 13 that the material with
the higher porosity leads to a wider wake as well as to a
lower mean velocity and turbulence intensity. Regarding the
influence of the thickness of the porous cover, it is visible
from Fig. 13a and c that an increasing thickness (and hence
a decreasing inner diameter d) leads to a reduction of mean
velocity and, as shown in Fig. 13b and d, to a reduction
of turbulence intensity in the wake. The width of the wake
reduces with reducing thickness of the cover (Fig. 13e).
However, the effect of the thickness is much stronger for
the material with high porosity than for the material with
low porosity.

The results from the hot-wire measurements performed
in the near wake of the porous covered cylinders do not
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show any characteristics that would hint at some kind of
vortex shedding from the core cylinder, such as a change
of the mean velocity or the turbulence intensity in the
region directly downstream of the inner cylinder (between
y = —d/2 and y = +d/2). Effects like the so-called base
bleeding (Naito and Fukagata 2012) cannot be recognized
in the results. One possible reason for this observation is that
the materials used in the present study are still not permeable
enough, meaning that the air flow resistivity is too high. It is
reasonable to assume that for cylinder covers with extremely
low air flow resistivities (approaching the theoretical value
of zero, which would mean that there is virtually no porous
material) vortex shedding will occur at the core cylinder,
leading to a low-velocity flow through the porous cover and,
eventually, to vortex shedding peaks that scale with the inner
diameter d rather than with the outer diameter D.

The influence of the porous cylinder covers on the profiles
of mean velocity and turbulence intensity in the far wake is
then shown in Figs. 14 and 15. The measurements were per-
formed at a downstream distance of 10.5 D from the cylinder
axis. The influence of the porous material can be observed
from Fig. 14, where it is apparent that the porous covers
still lead to a reduced mean flow velocity and a reduced
turbulence intensity compared to the reference cylinder,
although the differences are of course less pronounced than
those obtained in the near wake. The effect of the thickness
on the far wake is then shown in Fig. 15, where it can be
observed that thicker porous covers lead to a further reduced
mean velocity and turbulence intensity in the wake. How-
ever, this effect is very small only, especially for materials
with a low porosity.

Thus, the effects of the porous covers on the profiles of
mean velocity and turbulence intensity in the wake are a
widening of the wake as well as a notable decrease in the
mean velocity and the turbulence intensity. This agrees well
with previous studies on porous covered cylinders.
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Fig. 15 Flow characteristics for
cylinders covered with materi-
als of different thickness at

Rej, = 70,000, measured in the
far wake 10 D downstream (mmm
NON-POrous, mm mm NON-POTOUS
tripped, (a) and (b) porous:

= 9800 Pa s/m?, & >0.99,

d = wem 10 mm, wm == 20 mm; (c)
and (d) porous: r = 9400 Pa s/
m%6=023.027,d = =mn

6 mm, s 10 mm, mmm 15 mm,
o 20 mm; (€) ¥ = mem

9800 Pa s/m?, & >0.99, mmm
9400 Pa s/m?, 6 = 0.23...0.27

20 T T T

10-10g19(®/®,) in dB

0.1 0.15 0.2 0.3 0.4
Sr=f-D/U,

Fig. 16 Spectra of the turbulent velocity fluctuations obtained for
cylinders covered with different porous materials of the same thick-
ness (d = 10 mm, m=m non-porous, porous: r = 314,800 Pa s/m?,
me 141,300 Pa s/m?, mem 86,100 Pa s/m?, mem 64,500 Pa s/m?, mem
49,600 Pa s/m?, mmm 12,900 Pa s/m’, mmm 9800 Pa s/m?, mem 9400 Pa s/
m?, mem 4400 Pa s/m?, wem 4100 Pa s/m?) at Re;, = 102,600 using CTA
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3.2.2 Turbulence spectral densities

Similar to the presentation of the acoustic results, spectra of
the turbulent velocity fluctuations measured in the wake of
selected porous covered cylinders are shown exemplarily in
Figs. 16 and 17. This includes a comparison of turbulence
spectra obtained for cylinders with the same inner diam-
eter of d = 10 mm, covered with different porous materi-
als (Fig. 16) as well as a comparison of spectra obtained
for cylinders covered with the same material, but different
thicknesses. This was done for two materials, Basotect, the
melamine foam with an air flow resistivity of 9800 Pa s/m>
and a porosity >0.99 (Fig. 17a) and Damtec Black Rub-
ber, a rubber granulate with a similar air flow resistivity of
9400 Pa s/m?, but a notably lower porosity between 0.23
and 0.27 (Fig. 17b). In general, it is immediately visible that
the porous covers lead to a narrower vortex shedding peak,
but a higher peak level, compared to the non-porous refer-
ence cylinder. Basically, this is in agreement with the results
from the acoustic measurements presented in Sect. 3.1, how-
ever, the peak amplitude of the velocity fluctuations of the
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(a) Basotect, r = 9,800 Pa s/m?, o > 0.99, mm non-porous,
porous: mm d = 10 mm, mm d = 20 mm
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o = 0.23...0.27, mm non-porous, porous: s d = 6 mm,
mm d = 10 mm, sem d = 15 mm, mm d = 20 mm

Fig.17 Spectra of the turbulent velocity fluctuations obtained for
cylinders covered with porous materials of different thickness at
Rep, = 102,600 using CTA

0.02 0.025 0.03 0.035 0.04

M
0.05 0.06 0.07

porous covered cylinders exceeds that from the reference
cylinder far more than that was the case for the correspond-
ing peak amplitudes of the sound pressure levels as shown
in Figs. 4 and 5. Thus, the hot-wire data confirm the results
from the acoustic measurements, suggesting that the same
mechanisms are responsible both for the modification of the
flow field and for the noise radiated to the far field. Another
interesting effect that can be observed for materials with low
air flow resistivities (especially visible in Fig. 16) is that a
second maximum appears in the turbulence spectra, at twice
the Strouhal number of the vortex shedding peak, which
does not appear in the spectra obtained for the reference
cylinder. This is the first harmonic of the vortex shedding
tone, which is known to be related to unsteady drag induced
on the cylinders (Casalino and Jacob 2003). Analyzing the
results obtained for the cylinders covered with the melamine
foam of different thicknesses, as shown in Fig. 17a, reveals
a strong influence of the material thickness. Here, the vor-
tex shedding peak of the cylinder with the thinner cover
(d =20 mm) appears at a Strouhal number which is slightly
smaller than that of the reference cylinder, while the cylinder
covered with the thicker porous layer (d = 10 mm) generates
a peak at a slightly higher Strouhal number. Such an effect
cannot be observed for the porous rubber, which has a con-
siderably lower porosity, as shown in Fig. 17b. There, the
peaks of the porous covered cylinders always lead to a Strou-
hal number slightly above that of the reference cylinder. This
again emphasizes that not only the air flow resistivity, and

0.08 0.09 0.1 0.12 0.14

0.20 I I I I I I

0.19 -

ST peak

0.15 | | | |

1.25 1.5 2 2.5 3

Fig. 18 Strouhal number of the Karméan vortex shedding peak for
all cylinders from Table 1 obtained from CTA measurements, mate-
rials are color-coded (msm non-porous, porous: r = 314,800 Pa s/
m?, s 141,300 Pa s/m?, = 86,100 Pa s/m”, s 64,500 Pa s/m”, mem

4 5 6 7 8 9 10

Rep [10%]

49,600 Pa s/m?, mem 12,900 Pa s/m?, mem 9800 Pa s/m?, mem 9400 Pa s/
m?, mmm 4400 Pa s/m?, wem 4100 Pa s/mz), thicknesses of the porous
layer are given by different markers and line styles (od = 6 mm, @
d =10 mm, vd = 13 mm, pd = 15 mm, md = 20 mm, ¢d = 22 mm)
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Fig. 19 Spanwise coherence y2, calculated according to Eq. (3) from measurements performed downstream of the cylinders at Rej, = 77,000

thus the permeability of the porous material, is important,
but also its porosity.

In agreement with the analyses of the acoustic results
and the wake measurements above, the spectra of the tur-
bulent velocity fluctuations do not show any characteristics
that could be related to a shedding of vortices from the core
cylinder.

It is also visible from Figs. 16 and 17 that the porous
covers have an influence on the broadband content of the
velocity spectra, which again agrees with the results from
the acoustic measurements. However, due to the fact that
these measurements were conducted at a fixed location
with respect to the cylinder position, differences in the
location of the shear layers due to the widening of the
wake observed for the porous materials were not taken
into account. Thus, the amplitudes of the velocity spectra
should be interpreted with some care.

Similar to the analysis of the acoustic results as pre-
sented in Sect. 3.1, the spectral peaks of the velocity
fluctuations obtained by the CTA measurements will be
analyzed regarding their Strouhal number. Due to the
aforementioned fact that the measurements did not take
into account the variations of the exact shear layer posi-
tion, the peak level and the energy in the peak of the veloc-
ity spectra are not evaluated. Accordingly, Fig. 18 shows
the vortex shedding Strouhal number, obtained from the
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CTA measurements, as a function of the Reynolds number
Rep,. When compared with the Strouhal numbers obtained
from the sound pressure level spectra as shown in Fig. 7,
the same general behavior is visible: At Reynolds num-
bers approximately below 35,000, the peak Strouhal num-
ber obtained for the porous covered cylinders is below
that obtained for the non-porous reference cylinder. With
increasing Reynolds number, the Strouhal number for
the reference cylinder slightly decreases, while that for
the porous covered cylinders gradually increases. Thus,
at Reynolds numbers roughly above 40,000 the Strou-
hal number is greater for the porous covered cylinders.
Regarding the influence of the material parameters, it can
again be seen that porous materials with high air flow
resistivities lead to higher Strouhal numbers than materi-
als with low air flow resistivities. The fact that the Strou-
hal numbers obtained from the hot-wire measurements in
general are lower than those obtained from the acoustic
measurements is mainly caused by the additional blockage
due to the traverse system.

In general, the analysis of the vortex shedding peak of
the velocity fluctuations in the wake of the cylinders basi-
cally revealed similar trends as the analysis of the vortex
shedding peak in the far field sound pressure level spectra.
As mentioned above, this shows that the porous covers exert
the same effect on the velocity fluctuations in the adjacent
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flow field as on the pressure fluctuations radiated as noise.
One potential mechanism of the porous covers is hydrody-
namic absorption. This term describes the viscous damping
of turbulent flow pressure amplitudes (Herr 2007), mean-
ing that the porous materials absorb energy from turbulent
eddies that flow over and interact with the porous surface.
The present results support this thesis, since the spectra of
the turbulence in the shear layer show the same narrowing
of the vortex shedding peak as the acoustic spectra. Further
supporting this theory is the fact that in the current study,
the best results were obtained for those materials that have
a low air flow resistivity and a high porosity, which are usu-
ally characterized by rather large open pores. Large pores,
of course, enable a better absorption of turbulent eddies than
small pores. In addition, hydrodynamic absorption would
also account for the reduction in broadband noise discussed
in Sect. 3.1.2, since the analysis of velocity spectral densities
showed a reduction in the broadband content as well.

3.2.3 Spanwise coherence

Finally, in order to allow for more insight into the poten-
tial noise reduction mechanism of the porous covers, the
spanwise coherence was measured and calculated accord-
ing to Eq. (3). Due to the fact that these measurements are
very time consuming, this was only done for a small subset
of the porous covered cylinders. The results are shown in
Fig. 19. It is clearly visible that the coherence measured
for the non-porous reference cylinder has a notably smaller
spanwise extent than that measured for the cylinders with
porous cover. This is a really interesting result, since it sig-
nifies that the noise reduction observed for porous covered
cylinders is not caused by a disturbance of spanwise coher-
ent structures. The coherence measured for the porous cov-
ered cylinders shows similar features like the spectra of both
the acoustic measurements and the hot-wire measurements,
mainly a notably narrower peak. Basically, this means that
the turbulent velocity fluctuations in the shear layer of the
porous covered cylinders not only have a higher peak level
(as shown in Figs. 16 and 17), but they are also correlated
along a greater extent of the span. Most, but not all, of the
maximum far field sound pressure levels measured for the
porous covered cylinders (see Figs. 4 and 5) also exceed the
level measured for the reference cylinder, although the dif-
ferences are not so large. This implies that additional effects
may be important, such as damping or nonlinear effects
when the noise travels to the far field. In addition, it is also
visible from Fig. 19 that peaks of the coherence at twice the
vortex shedding frequency appear for cylinder covers with
low air flow resistivity. This was also observed in the veloc-
ity spectra of the porous covered cylinders.

4 Summary

An extensive wind tunnel study was performed in order to
investigate the effect of porous covers on the aerodynamic
noise generated by circular cylinders in a subsonic flow. To
this end, a total of 17 different materials were used to cut
porous covers of different thickness. The cylinders all had a
length of 0.28 m and an outer diameter of 0.03 m, resulting
in an aspect ratio of 9.3. For means of comparison, a non-
porous reference cylinder with the same length and (outer)
diameter was used as a baseline. Experiments were per-
formed in an open jet aeroacoustic wind tunnel at Reynolds
numbers approximately ranging from 14,000 to 103,000. In
addition to the acoustic measurements, which were done
using a set of far field microphones, CTA measurements
were performed to allow for conclusions on the effect of the
porous covers on the flow field.

In agreement with previous studies (Liu et al. 2012;
Geyer and Sarradj 2016; Klausmann and Ruck 2017), the
acoustic measurements showed that the porous covers used
in this study do not lead to a complete suppression of the
vortex shedding tone, but to a considerable narrowing of
the tonal peak. It can be assumed that this is due to the
fact that the materials were limited to those with rather
medium and high air flow resistivities. As was found by
several other researchers, materials with a higher perme-
ability will much likely reduce the vortex shedding noise
completely (see, for example, Nishimura et al. 1999; Sueki
et al. 2010; Nishimura and Goto 2010; Aguiar et al. 2016).
Overall, of course, the narrowing of the vortex shedding
tone observed in the present work will still lead to a reduc-
tion in the aerodynamic noise caused by the porous covers.
Due to the large amount of experimental data, basic trends
for the estimation of key parameters of the vortex shedding
tonal noise were derived using the method of linear regres-
sion. These parameters include the Strouhal number of the
vortex shedding peak and the reduction of energy in the
Kéarman vortex shedding peak due to the porous covers.
For the peak Strouhal number, it was found that increas-
ing the air flow resistivity and the thickness as well as
decreasing the porosity of the porous materials will lead to
an increase in the Strouhal number. Likewise, an increase
in the porosity and the thickness as well as a decrease in
the air flow resistivity will also lead to an increase in the
reduction of peak energy. In addition to the reduction of
tonal noise, the porous cylinder covers also lead to a nota-
ble reduction of broadband noise, where again materials
with low air flow resistivity and high porosity are most
efficient.

CTA measurements in the wake showed an increase in the
wake width for the porous covered cylinders compared to
the reference cylinder as well as a decrease in mean velocity
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and turbulence intensity in the wake, which agrees well with
results from other researchers. The analysis of spectra of the
turbulent velocity fluctuations in the wake of a subset of the
porous covered cylinders generally revealed similar behavior
as that observed for the sound pressure level spectra: The
spectral peak due to the Karméan vortex shedding is much
narrower, albeit having a higher peak level compared to the
reference cylinder. Additional measurements showed that
the spanwise coherence obtained for the porous covered cyl-
inders is notably longer in the spanwise direction than that
of the reference cylinder. Thus, the underlying mechanism
of the noise reduction is not a disturbance of the spanwise
coherence. It is rather likely that hydrodynamic absorption
plays an important role, since the porous covers seem to have
the same effect on the turbulence in the adjacent flow (the
shear layers) as on the far field noise.
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