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Micro-perforated panels for noise reduction

S. Floss@®, F. Czwielong, S. Becker, M. Kaltenbacher

Space limitations in duct applications, new industrial and health safety regulations require new absorber configurations. Micro-
perforated panels (MPP) as used in micro-perforated absorbers (MPA) allow new sound absorber concepts in the category of meta-
materials. In this contribution we investigate MPA designs for the low and mid-to-high frequency range and apply finite element (FE)
simulations to precisely design absorber configurations for applications in room acoustics and axial fans. The investigations show that
the MPA's cavity configuration must be customized for the desired frequency range and has significant influence on fan performance
when applied in a duct flow setup.
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Mikroperforierte Platten zur Schallreduktion.

Kompakte Bauweisen in Klimakanélen und neue Industrie- und Gesundheitsstandards motivieren die Suche nach neuartigen Schallab-
sorbern. Mikroperforierte Platten (MPP), angewendet in Mikroperforierten Absorbern (MPA), ermdglichen neue Absorberkonzepte in
der Kategorie der Metamaterialien. In diesem Beitrag werden MPA-Konzepte fir die Verwendung im niedrigen und hohen Frequenz-
bereich untersucht. Die Anwendung der Finiten Elemente(FE)-Methode erlaubt es, diese Absorber préazise fir die Raumakustik und
Anwendung bei Axialventilatoren auszulegen. Die Untersuchungen haben gezeigt, wie notwendig es ist, den wirksamen Frequenzbe-

reich klar zu definieren und die signifikanten Einfliisse auf die Ventilatorkennlinie zu berdicksichtigen.
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1. Introduction

The simplest micro-perforated absorber (MPA) consists of one micro-
perforated panel (MPP) as shown in Fig. 1 and a hermetically sealed
air cavity of length Lc with a sound hard back plane (cf. Fig. 2
(b)) [14]. Within the slit-shaped micro-perforations (cf. Fig. 1 (a, b))
of the plate itself the kinetic wave energy of a plane stand-
ing traversing sound wave is reduced by particle velocity propor-
tional friction losses. Particle velocity peaks at distances L. = nA/4
(n=1,3,5,...) from the back end and thus at frequencies fiq =
co/A, with mid-frequency fiq as the center frequency of an iden-
tified noise band, co as the speed of sound and A as the wave-
length, sound absorption reaches very high levels. For plane wave
front acoustics, where the geometrical dimensions are smaller then
the largest wavelengths, there exist analytical 1D transmission line
models [18] based on the transfer matrix approach [4] for calculating
the absorption behavior of an MPA. This is also the basis for the de-
sign of more complex geometrical absorber setups. More advanced
setups [1, 19] are necessary, because the MPA requires a more thor-
oughly carried out design procedure than the conventional fibrous
or foam based absorbers. In the latter case, the material is likely
locally-reacting which results in a broadband absorption behavior
and most often the cavity length L is the only required geometrical
parameter. In contrast, the MPA is not per se locally reacting, de-
pending on the dimensions and composition of the air cavity. The
main advantages can be summarized as follows:

— compact integrability within e.g. existing duct setups where space
is limited

— flow guidance (usage as guiding vanes, bends)

— minimal maintenance requirements due to metal frame material

applicability in hazardous environments
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— suitability of efficient and accurate numerical simulation for ab-
sorption and space requirement optimization

The purpose of this contribution is to provide an overview of the
design steps, the MPA's applicability range, and also its limitations.

1.1 Micro-perforated plates

The first design step is the selection of the micro-perforated plate.
The materials to be presented here (cf. Fig. 1 (a, b)), are commercially
available and cheap in production. Thin semi-finished metal plates
with thickness typp (cf. Fig. 2 (a)) are milled and thus only plastically
deformed to achieve a perforated structure. Other possible ways to
produce micro-perforations are laser/water-cutting or 3D printing.
The acoustic pre-characterization requires two main parameters to
be determined: the porosity ¢ (open pore area to entire surface area)
and the characteristic length d [3, 13]. For a more efficient modeling
approach, one assumes circular holes that are uniformly distributed
(cf. Fig. 1(a)). The hole diameter d = 2r and separation w of the
holes define the porosity ¢ = /4(d/w)?. Both parameters are nor-
mally provided by the manufacturer. If they are not, one can use
an equivalent fluid model approach to determine these parameters
and the acoustic response of the material. In this contribution we
use the model of Johnson-Champoux-Allard-Lafarge (JCAL) [2]. For
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Fig. 1. Close-up image of plate-based MPP materials. Indicated slit length and square of 25 mm? to compare slotted perforations with uniformly
distributed circles with diameter d and distance w to each other. MPP C is used for the roomacoustic applications and MPP B for the duct flow

application

MPA parameter Value
Cavity length L. 60 mm
Thickness raw material tyaw 0.5 — 1 mm
MPP thickness typp ~1.2—1.6m
MPP perforation rate ¢ 1-3%
MPP pores slits
MPP producer SONTECH
Slits length 2 — 5mm
Slits width 0.074 mm
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(a) Parameters of MPA with MPP C
and B for impedance tube characteri-
zation.

(b) Impedance tube with
MPP specimen

Fig. 2. Parameters of the MPP specimen in impedance tube investigation according to [7]

thin metal frames, it's application allows to reduce the characteristic
length of the slotted material to circular pores [9].

1.2 Simulation framework

In the numerical simulation, the domain of the MPP is isotropic and
homogeneous. It produces a comparable acoustic response as the
real material, hence the term “equivalent”. Additionally, the us-
age of JCAL makes the assumption that the MPP frame material
is perfectly rigid. Usually, this assumption can also be made in the
final MPA application scenario, because a robust and firm mounting
within an air duct is required.

The numerical simulation is based on solving the Helmholtz equa-
tion (1) in a spatially discretised domain with the Finite Element (FE)
method for the acoustic pressure p, [11]. Here, w is the circular fre-
quency and 5 and K are the equivalent density and compression
modulus. In the MPP domain these variables govern the absorp-
tion behavior and their values must be pre-determined for every fre-
quency under consideration. However, the absorption dominating
parameter is 5 (see (2)) and for the compression modulus choosing
the standard ambient value Ky is sufficient.
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Fig. 3. Measured and fitted real % and imaginary part S of the re-
flection coefficient ¥ for an MPA with L. = 60 mm

In the air domain both 5 and K take on constant values under stan-
dard ambient conditions (pg, Ko).

The frequency depended equivalent density can be computed
with porosity ¢, dynamic viscosity ng, ambient air density pg and
tortuosity ano [2]. The latter is a length correction term that takes
the fluid dynamic interaction of air streams of adjacent holes into
account, as well as, correcting the thickness of plate for excess dy-
namic mass of the envisioned moving air plug volume in the pore.

The MPP specimen (for typical values see Fig. 2 (a)) is placed in an
impedance tube (cf. Fig. 2 (b)) with inner diameter Dyype =29 mm
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Fig. 4. Measurement scheme for various MPAs for roomsacoustic application

and microphone distance s =20 mm, which means that the plane
wave front assumption holds up to f = 6400 Hz [7]. Now, the mea-
sured reflection coefficient 7y and the simulated ones 7 obtained
by 1D transmission line theory for each frequency f; are compared.
A genetic algorithm from the toolbox [15] performs the fitting be-
tween the two curves and returns values for d and ¢ that minimize
the error err according to

N
err =" | —Fa(h)Il- (3)
i=1

The comparison of such a fitting can be seen in Fig. 3. Both curves
agree sufficiently well with each other. With the exception of the
frequency range greater 5000 Hz. Here, it is suspected, that an addi-
tional viscous absorption effect occurs within the MPA arrangement
in the impedance tube, which cannot be accounted for by using just
one MPP in the 1D transmission line model. As it will turn out in
chapter two, this effect does not have a significant influence on the
robustness of the fitted model parameters and thus the transmission
loss.

With the obtained parameters the more complex MPA setups can
be simulated with the open source FE simulation tool openCFS [10,
17]. The key advantage of the described approach is that the real
material parameters do not need to be known before, since they are
also quite cumbersome to measure. Instead, the 1D analytical fitting
is sufficient to determine the equivalent fluid's acoustic behavior for
the 3D application case. This is crucial for the design of a MPA,
because it will be shown that such an absorber must be accurately
designed for specific frequency ranges. The following design and
application scenarios treat a room acoustics case without mean flow
and a diffuse sound field as well as the application to an axial fan
within a duct with a background flow field.

2. Mid to high frequency range — room acoustics

In a room acoustics application scenario the sound field will be dif-
fuse and therefore sound wave fronts will impinge on the MPA from
multiple directions which affects the effectiveness of the absorber
in the mid-frequency range. In this frequency domain, the standard
foam and fibrous based damping materials operate very efficiently
due to their local reaction behavior. The MPA and especially its cavity
must therefore be designed accordingly.

2.1 Measurement setup

To assess different MPA structures and compare them among each
other and with standard damping materials, we compare the simu-
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Fig. 5. Transmission loss (TL) comparison of different expan-
sion chamber attachments with analytic solution (——, Fig. (b))
for the bulk chamber, bulk chamber with attachment without
MPP (—, Fig. (a)) and indicated A/4-resonance frequencies; scale
ranges from 0 to 32 dB
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(b) Simulation of various MPA configurations;
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Fig. 6. Transmission loss (TL) of simulation and measurement of dif-
ferent MPA setups for indicated frequency ranges with the MPA in
different cavity configurations; analytic solution (——, Fig. (a)) for the
bulk chamber with scale ranging from 0 to 32 dB

lated and measured transmission loss (TL). The transmission loss of
an absorber structure (brown section in Fig. 4 (a)) can be computed
by

Pa,z

a,+

@

TL=1OIog(1—) dB; r=
T

The measurement setup allows to measure the 7L of an expansion
chamber (cf. Fig. 4 (b)) with different MPA structures. By wave de-
composition the incident sound power P, . is separated from the
reflected sound power P;_ [20, 21]. The same is done to obtain
the transmitted sound power P, . through bulk body of the expan-
sion chamber. The transmission loss TL consists of a reflective and a
dissipative part. However, by comparing the same expansion cham-
ber in every scenario and only changing the absorber structure, the
MPA dependent dissipative effect can be discerned in the diagrams.
The measurements have to be performed twice with different end
pieces (A, B in Fig. 4 (a)). The dimensions of the setup a =20 mm
and s = 18 mm allow measurements up to f = 8500 Hz. The expan-
sion chamber with quadratic cross section is made up of the MPP,
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cavity with dimension L. =60 mm, /=300 mm and the bulk body
with quadratic cross section of lateral length b =90 mm. Due to
the cross section jumps at the beginning and end of the bulk body
reflective damping at frequencies f4; (i=1,3,5,...) will occur.

The expansion chamber with MPPs (cf. Fig. 5 and 6) has the fol-
lowing frequency dependent acoustic damping ranges:

— fc=1900 Hz is the first cut-on frequency of the bulk body cham-
ber: below it, only plane waves propagate in the chamber. Above,
higher order modes propagate and the sound field in the cham-
ber becomes more diffuse. Here, a broadband and large sound
reduction can be achieved.

— f1 = 3800 Hz is the second cut-on frequency of the expansion
chamber: above, the sound field becomes even more diffuse and
the typical TL-lobes (see black dashed lines in Fig. 5 (b)) due to A/4-
reflection damping blur to smaller very narrow TL-peaks. Here,
sound reduction is less efficient.

— f, =6400 Hz marks the limit of the measured MPP specimen fre-
quency behavior in the impedance tube, but also the diffusivity is
very pronounced above that frequency region.

2.2 Results

The expansion chamber setup (cf. Fig. 4 (b)) allows to place MPP C
within the main body chamber with quadratic cross section of di-
mension b, or as a MPA attachment to the chamber which leaves
the bulk chamber body unaltered. One can compare the MPA at-
tachment to an absorber panel on the walls of a large room or a
duct liner arrangement (cf. Sect. 3).

2.2.1 MPA compared to fibrous material

At first, the measured TL of a MPA with MPP C and cavity length
Le,60 = 60 mm is compared to the empty cavity and the cavity filled
with inflammable fibrous absorber material used in climate ducts for
trains (cf. Fig. 5 (a)). In the entire frequency range, the fibrous ma-
terial performs better than the MPA, producing a larger and more
broadband TL. Compared to the empty cavity, the MPP however
broadens the absorption lobes, beginning at f., but reducing the
maximum peaks in that region. Above f; the MPP increases absorp-
tion constantly compared to the empty-cavity case. Below f. in the
plane wave frequency range, the MPP increases the TL-peaks com-
pared to the expansion chamber without cavity by about 5-7 dB (see
black dashed lobes in Fig. 5 (b)).

In climate ducts it is common practice to cover the absorber ma-
terial from water and dust particles with a protective layer of tape or
perforated sheet. As this is done (cf. Fig. 5 (b)), the absorption per-
formance of the fibrous materials reduces strongly and the MPA's
TL is now comparable to the standard material. The MPA, how-
ever, does not require protective measures.

Depending on the desired frequency range, the MPA configura-
tion has to be changed in order to obtain a broadband frequency
and high absorption behavior. The following simulations will show
the accuracy of the FE framework and provide information how to
achieve these goals.

2.2.2 Simulated MPA configurations

The standard approach to broaden the absorption bandwith [19] of
the MPA is to partition its cavity. In Fig. 6 (a) the simulated and mea-
sured TL of the double partitioned MPA is shown. Simulation and
measurement showed good comparison, even greater f,, where the
frequency dependent absorption behavior of the equivalent fluid is
not verifiable by impedance tube data. This fact motivated the in-
vestigation of further completely different MPP configurations. The
results are shown in Fig. 6 (b). The TL in the frequency range up
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to fc can be enhanced by more partitions in the cavity, enhancing
the local reaction behavior (configuration “1"” in Fig. 6 (b)). Placing
MPPs in direct line of sight to the source in a vertical tetra-layer ar-
rangement in the bulk chamber is beneficial to the frequency range
fc to f1 and up to f, (configuration “2" in Fig. 6 (b)). This scenario,
as configuration 3, can be compared to the usage as a guiding vane
in a duct baffle (waves impinging more inclined) or as noise source
housing. A horizontal tetra-layer configuration in the bulk chamber
increases the absorption in the frequency range greater f,, compa-
rable to a splitter-silencer (configuration “3” in Fig. 6 (b)). The in-
vestigations show that different MPA configurations result in special
absorption behavior depending on the frequency range. A general
prediction of its sound reducing behavior, as in the case for fibrous
or porous materials, is not possible.

3. Low frequency range - axial fan application

Assessing the effectiveness of a MPA for sound reduction in the fre-
quency range up 1600 Hz (as low frequency limit) concerns its appli-
cation near an axial fan operating at low Mach number conditions
within a duct [6]. Beside the evaluation of sound emission spectra
at three operating points of the fan characteristics, the influence of
the MPA on the performance of the fan and vice versa is shown. The
data allows to derive design recommendations for an MPA in a flow
scenario.

3.1 Setup

The fan is operated within a micro-perforated duct section (Dypa =
506 mm) that has a cavity of length L = 140 mm (cf. Fig. 8). The
MPA has a length of Lypa = 440 mm and is connected to a standard-
ized test rig [8, 22] via an inlet nozzle (cf. Fig. 7). The reference (R)
case (Dgyct = 500 mm) with free inflow conditions and the fan in
distance Ly =520 mm to the nozzle is compared to the setup with
the MPA (M) (cf. Fig. 7 (a, b)). The MPA has three different configu-
rations: empty cavity with MPP B (M) with no additional cavity parti-
tioning, cavity segmentation in axial and azimuthal direction (MS1)

Juni 2021 138. Jahrgang

and adding a MPP with larger flow resistivity (MS2) (cf. Fig. 7 and
Fig. 8). The sound emission spectra are based on acoustic pressure
signals recorded on five microphones placed in distance 1 m from
the nozzle in upstream direction.

The mean flow stream lines are indicated in Fig. 8. The MPPs have
a large flow resistance, but bias flow, however small, due to static
pressure differences psiat in the region upstream of the fan can not
be ruled out. The tip gap flow patterns might be strongly altered by
the presence of the MPP, changing recirculation and blade tip-vortex
interaction intensity, since the tip gap clearance is changed com-
pared to the reference case (Dgyct # Dmpa). Thus, this configuration
adds to unsteady blade forces induced aeroacoustic sound produc-
tion. This source mechanism is especially important in the partial
load range of the fan characteristic curve.

The MPA configuration MS1 has three cavities with the same
length in axial direction (cf. Fig. 8). As in the room acoustics ap-
plication, the goal is to obtain a more broadband sound reduction
in comparison to the unpartitioned configuration. Adding the MPP
with a larger flow resistivity (MS2) in the compartment near the fan
aimed to reduce the flow through the MPP, thereby affecting recir-
culation from suction (upstream) to pressure (downstream) side of
the fan and the tip gap noise source mechanism. In both latter cases
the cavity was also partitioned in azimuthal direction (cf. Fig. 7 (b)).

3.2 Results

The investigated fan is forward-skewed and its aeroacoustic behav-
ior has extensively been studied [5, 6, 12, 22]. The performance of
the fan and MPA can be investigated in Fig. 10 (a—c). They show
the total-to-static pressure rise of the four different setups and the
total-to-static efficiency of the fan. The overall emitted sound pres-
sure levels Ly at different operating points of the fan characteristic
allow to see the performance of the MPA in partial load region (be-
low 1.0 m3 s~") and the steady region (above 1.6 m3 s=1). The fan
design point was a volume flow rate of 1.4 m3 s=' and rotational
speed of 1486 rpm. In the measured sound emission spectra (sound
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Fig. 9. Measurement results of sound pressure level (SPL) at three
operating points for R-M** setup with different cavity configura-
tions. Frequencies with pronounced reflection damping are high-
lighted (fy/4,; and f,/2,1)

pressure level (SPL), cf. Fig. 9 (a—c)) certain frequency regions can be
discerned:

— fer =398 Hz: cut-off frequency of the reference setup; below this
region all higher order modes are cut-off and only plane waves
propagate, cf. Fig. 9 (a).

— fem =221 Hz: smaller cut-off frequency of the M setup without
MPP sealing the cavity; below this region all higher order modes
are cut-off and only plane waves propagate. The cut-off frequency
changes, because cavity length L. is added. The blade passing
frequency is 223 Hz, almost identical to fcm, and therefore not
further highlighted, cf. Fig. 9 (a).

- fy4,1 = 190 Hz, f)h/4,2 = 580 Hz and f;h/4,3 = 970 Hz: reso-
nance frequencies due to cavity length Lypa, same reflection
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damping mechanism as in the expansion chamber setup (see
Sect. 2), cf. Fig. 9 (b).

— fi2 = 780 Hz: additional resonance frequency based on A/2-
reflection damping, cf. Fig. 9 (c).

The frequencies f;,4 ; are derived from standard A/4-reflection damp-
ing based on length Lypa [16]. Comparing the spectra (cf. Fig. 9 (a—
b)) shows that the M setup reduces sound emission substantially in
the frequency regions of the MPA resonances at f;/4,j—1,2,3 and f2,1.
However MPP B shifts the A/4-peak absorption slightly to a lower fre-
quency than calculated. The sound pressure spectra show that the
reductions greater f = 2 kHz are independent of the cavity configu-
rations of the MPA. In the partial load range of the fan characteristic
for frequencies above f = 3 kHz, the MPP is responsible for a slight
increase in sound pressure level, which is attributed to the flow over
and bias flow through the MPP slits. Compared to the M case, the
segmented cavity MS1 broadens sound reduction between fcg and
fia,1 and in a narrow frequency band above f =1 kHz. Adding
the MPP with larger flow resistivity in the setup MS2 slightly reduces
sound reduction induced by MPP B. When the overall sound pressure
level decreases in the larger volume flow range, pronounced tonal
components (cf. dashed red circles in Fig. 9 (b, ¢)) due to the blade
passing frequency are visible. This phenomenon is attributed to the
altered tip clearance compared to the reference setup and thus
changed gap flow structures with bias flow (cf. Fig. 8). These flow
structures interact with the blades and amplify this sound source
mechanism.

Here, adding the MPP with larger flow resistivity seems to attenu-
ate these tonal peaks (cf. yellow curve in Fig. 9 (b, ¢)) by either acous-
tically dampening them or decreasing the tip gap source strength
mechanism. In all MPA configurations at low and high volume flow
rates, the low frequency sound reduction in the subharmonic range
below the blade passing frequency remains large.

The acoustic characteristics (cf. Fig. 10 (c)) reveal that at the lower
volume flow rates up to V =0.8 m3 s~ the sound emission is sig-
nificantly reduced in all MPA configurations. Above that range, the
reduction is reduced to 2-3 dB. Above V = 1.5 m3 s=! an influ-
ence of the cavity configuration is visible with MS1 producing larger
reductions than the other cavity configurations.

The aerodynamic curves (cf. Fig. 10 (a, b)) show that due to the
presence of the MPA the pressure difference of the fan decreases,
even more pronounced in the MS1 setup. However, in the non-
stationary range of V € [0.6 m3s71;0.9 m3s~'] the pressure dif-
ference generated by the fan increases. The reduced pressure differ-
ence is for the most part caused by the difference in tip gap clear-
ance (for additional data cf. [6]), but also added turbulence due to
the larger surface roughness of the MPP and an increased back flow
through the slits could add to the loss in efficiency (cf. Fig. 10 (b))
compared to the reference case. The investigated cavity configura-
tions, with the exception of setup MS1 being more inefficient, have
the same influence on the fan efficiency.

4. Conclusion
The investigations have demonstrated some advantages and limits
of micro-perforated absorber (MPA) configurations. The proposed
simulation framework applied to an aluminum plate based MPA
has been demonstrated. The transmission loss of different MPAs at-
tached and within an expansion chamber, intended for roomacous-
tics, show that is possible to substitute the conventional materials
with specifically designed MPAs.

However, the experiments on an application scenario in the direct
vicinity of an axial fan showed that care must be taken of the lo-
cation of the MPA. Pressure build up and efficiency vary when the
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Fig. 10. Measurement results of the fan characteristics (Fig. (a—c)) for R-M** setup with different cavity configurations

fan operates within the MPA duct section. Increased tonal compo-
nents in the emission spectra lower the overall MPA performance.
The results can be summarized as follows:

Mid to high frequency range

— The JCAL based equivalent fluid modeling combined with FE al-
lows to study complex MPA arrangements very accurately.

— There is an optimal MPA configuration for a certain frequency
range either by considering orientation to source or the frequency
range as well as both.

— For a combination of MPA variations, broad band frequency sim-
ulation have to be applied, because optimizing one frequency re-
gion might impair absorption in another bandwith.

Low frequency range

— The effectiveness and overall performance of the MPA in a flow
scenario depends on the flow field through the MPP or above and
near it's surface.

— The fan’s efficiency is altered by a MPA in its vicinity negatively in
most operational points.

— The amount of sound reduction depends on the operating point
of the fan characteristics. Thereby, in the steady range, the overall
sound reduction is constant and depends on the cavity configura-
tion.

— The characteristic resonances of the MPA provide large sound re-
duction in finite bands below f = 1600 Hz, which allows to cus-
tomize the MPA.
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