A theoretical approach on designing wideband acoustic absorbers
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Abstract
This study aims to synthesize the theoretical background required for the design of wideband acoustic metaabsorbers. For acoustic materials to have wideband absorption, especially in the low-frequency range, their
design should include a combination of resonant mechanisms such as membranes and Micro-Perforated Panels
(MPPs). The current work uses an electro-acoustical circuit model to understand the absorption mechanisms
of such complex systems. Theories related to the resonance mechanism of MPPs have been widely discussed.
Five variables affecting the resonance of one MPP structure are its holes’ diameter, the distance between holes
(perforation ratio), the thickness and area density of the panel material, and the cavity behind the structure
backed by a rigid/absorptive wall. By tuning these variables, it is possible to achieve wideband absorption for
desired frequencies. Moreover, parallel combinations of different MPPs showed to have a better performance
at absorbing a broader frequency range.
Keywords: Micro-Perforated Panel, electro-acoustic circuit model, absorption coefficient, meta-absorber,
parallel connection
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Introduction

Good architectural acoustic design needs the right room volume, shape, and surface treatments, using an
appropriate combination and placement of absorbers and diffusers. Getting the right amount of reverberation
in a space is crucial to the design of most rooms, whether the aim is to make speech intelligible, reduce noise
levels, make music sound beautiful or simply create a space acoustically pleasant. Reverberation time allows
us to quantify how valuable spaces are regarding their potential function. It is linked to the materials used in
that specific space, and consequently, material selections become of great importance in the acoustic project
[1]. The primary method for reverberation control is absorption.
Absorbing materials such as fibrous and porous ones (mineral wool, fiberglass, acoustic plaster and
gypsum, foam, etc.) are most effective in the mid-high frequency range due to their weak intrinsic dissipation
properties [2]. On the other hand, for treating low-frequency problems, resonant structures (such as membranes
or Helmholtz absorbers) are usually used [3]. Resonant absorbers are mass-spring systems with damping to
absorb the system’s resonant frequency [4]. The problem with these kinds of absorbers is that they usually
only offer narrowband absorption. A series of absorbers must cover a wide bandwidth, each tuned to a different
frequency range.
Recently, to expand the absorption bandwidth, a series of structured networks have been explored.
Some combined structures of double or multi-layered MPPs and air cavities arranged along the sound direction
were proposed [5-7]. These studies show that the absorption bandwidth is expanded to lower frequencies due
to the additional multi resonance peaks. MPPs can be made of transparent or colorful plates or membranes,
so they are also in demand by architects for sound quality control in auditoriums [5]. MPP absorbers are tagged
as the “next generation” absorbing materials due to their vast potential compared to conventional porous
materials [8]. A significant study by Yang et al. [9] used “the absorption by design” strategy, enabling
customized solutions to complex room-acoustic problems. To implement the designed structure, they used 16
Febry Perot channels arrayed into an acoustic metamaterial in the shape of a cuboid with a square cross-section.
By introducing a 3 mm sponge in front of the designed metamaterial unit, the absorption reaches 90% at 400
Hz and then increases to a nearly flat curve till 3000 Hz.
In this study, computational simulations are used to obtain insights into the effect geometry variations
(d-diameter of the hole, b-distance between holes, t-thickness of the panel, D-distance from the back wall, and
m-area density) of a single MPP have on its absorption coefficient in a frequency range from 125 to 3000 Hz.
Furthermore, parallel-arranged MPPs with different variable combinations were tested. Results show that
combinations of such kinds provide a better sound absorption performance and have a great potential in being
used as wall/ceiling panels.
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Theoretical background

2.1 Maa’s model
In the 1970s, Maa [10] found that if the cross-sectional scale of the perforated holes is in the
submillimeter range in contrast to conventional ones, which are in the millimeter range, then losses will occur
due to viscous boundary effects in the perforations. Then such MPPs can exhibit significant absorption in the
low-frequency range. The sound absorption performance of an MPP can be enhanced by placing it in front of
a cavity with a reflecting wall at a specific distance.
The efficiency of MPPs depends if the diameter of the hole (d), the distance between the holes (b), the
thickness of the panel (t), and the length (D) from the back wall are correctly designed. In this case, a low-mid
frequency sound absorber can be achieved.
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Figure 1. An MPP and its electro equivalent circuit
The acoustic impedance of a single MPP is a combination of the visco-thermal dissipation within the
holes (Zhole), the flow distortion in the perforation edges (Zedge), the damping in the air cavity (Zc), the vibrations
of the panel (Zvib) [11]. Zhole and Zedge constitute the MPP impedance ZMPP. The impedance of the air cavity is
calculated as a capacitance:
𝑍! = −𝑗𝑍" * 𝑐𝑜𝑡 𝑘𝐷
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The structural impedance of the panel, Zvib, is achieved from the damping properties of the panel.
Therefore, the total impedance of such as system is calculated as follows:
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For a rigid panel, Zvib→∞, resulting in:
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Maa [10] developed a model measuring the ZMPP for all perforation constant (k) values, and it is
expressed as:
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𝜔𝜌
2𝜂 is the perforation constant, w=2pf is the angular frequency, r= air density, c= sound
velocity in air, p, d, t being the perforation ratio, diameter, and length of the hole respectively.
According to the electric equivalent circuit model, when n number of MPPs connected in parallel, their
total impedance of the panel is calculated as :
When 𝑘 = 𝑑22 .
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When ∅ is the ratio each panel has on the overall surface panel.
Recently, a series of structures based on MPP in parallel or series have been explored to expand the
absorption bandwidth. Some combined systems of double or multi-layered MPPs and air cavities arranged
along the sound direction were proposed successively [6]. Moreover, researchers [7] have found that elongated
tubes with porous materials attached to the perforated panel improved the low-frequency sound absorption.
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3
3.1

Parametric study
Single-layer MPP

The following results belong to simulations related to a single layer MPP being tested for its absorption
coefficient according to changes in one of its geometry parameters such as m for panel area density, d for hole
diameter, p for perforation ratio (b for the distance between holes), t for panel thickness and D for cavity
distance in the frequency range from 125 Hz to 3000 Hz.
3.1.1 Effect of area density on alpha
For a single layer MPP having holes of diameter d = 0.6mm, a distance between them of b = 3mm
(p=3.14%), the thickness of the panel t = 15mm, and the back cavity of D = 5cm, five different construction
materials with different area densities were tested. Their densities were as follow: m1=0.22kg/m2;
m2=0.45kg/m2 ; m3=0.67kg/m2; m4=5kg/m2 and m5=10kg/m2.

Figure 2. Effect of area density (m) on a
As inferred from Figure 2, increasing the higher area density materials offer a better absorption at the
resonant frequency. The reason may be that when the panel is too light, panel vibration causes the relative
velocity of the vibrating air in the hole to drop, and thus the absorption efficiency is reduced.
3.1.2 Effect of hole diameter on alpha
Figure 3 visually shows how the absorption coefficient of an MPP (t=15mm, D=5cm, and b=2mm)
changes in the frequency spectrum according to the hole diameter (d) changes. A smaller hole shows a better
absorption in the low frequency due to the viscous losses in the edges. Moreover, when d increases more
than 0.7mm for this panel, the alpha value decreases even in mid-frequencies.
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Figure 3. Effect of hole diameter (d) on a
3.1.3 Effect of perforation ratio on alpha

Figure 4. Effect of the perforation ratio (p) on a
The results in Figure 4 show that when the distance between holes (b) is increased (perforation ratio
(p) is small), the material starts to behave more like a rigid material by reflecting the sound pressure in the low
frequencies. Furthermore, the higher the open area, the higher the material’s absorption coefficient after 1000
Hz for an MPP (t = 15mm, D = 5cm, d = 0.2mm).

3.1.4 Effect of panel thickness on alpha
Different values of t ranging from 5mm to 3cm related to the thickness of the panel are tested to
understand its effect on the absorption coefficient of the MPP. The other parameters, such as hole diameter
(d = 0.2mm); the distance between holes (b = 0.4 mm), and cavity distance D = 5cm, remained constant. As
shown in Figure 5, panels with smaller thicknesses resembling the diameter of the microperforated holes
exhibit a better absorption than thicker ones.
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Figure 5. Effect of panel thickness' diameter on a
3.1.5 Effect of cavity length on alpha
Different values ranging from (2cm ≤ D ≤ 10cm ) related to the cavity length are tested to understand
its effect on the absorption coefficient of the MPP. The other parameters, such as hole diameter (d = 5mm),
the distance between holes (b = 20 mm), and sheet thickness (t = 15mm), remained constant. As shown in
Figure 6, the bigger the absorption performance in the low-frequency range, the better absorption is shown
by the largest cavity length. When cavity length decreases, the resonant frequency shifts to higher
frequencies. However, the length of the cavity is reciprocal to the frequency of the incoming wave by
producing resonant frequencies.

Figure 6. Effect of cavity length on a
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3.2 Parallel arranged MPP panels
Three parallel arranged MPPs having different perforation ratios and the same cavity, as shown in
Figure 7, are tested for their absorption coefficient. Their geometry variables are as follows: MPP1 d1 = 1mm,
b1 = 6mm, t1 = 1cm, D1 = 5cm; MPP2 d2 = 0.8mm, b2 = 3mm, t2 = 1cm, D2 = 5cm ; MPP3 d3 = 0.9mm,
b3 = 2.1mm, t3 = 1cm, D3 = 5cm and the ratio each panel occupies in the overall panel is 1/3. The results show
that each MPP has a different resonance frequency (MPP1 at 310 Hz, MPP2 at 480 Hz, and MPP3 at 750 Hz.
When combined in parallel, they exhibit a wideband absorption of an alpha value over 0.5 from 270 Hz to 900
Hz (See Figure 8).

Figure 7. Parallel arranged MPP-s with the same back air cavity

Figure 8. Alpha values for MPP1,MPP2,MPP3 and all of them connected in parallel
Lastly, three MPPs having different perforations and geometries are tested for their absorption
coefficient from 125 to 1500 Hz (See Figure 9). Their features were for; MPP1 d1 = 1mm, b1 = 7mm, t1 =
1cm, D1 = 6cm; MPP2 d2 = 0.7, b2 = 3mm, t2 = 1cm, D2 = 4.2cm and MPP3 d3 = 0.8mm, b3 = 2.1mm ,t3
= 1cm, D3 = 2.5mm.
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Figure 9. Parallel arranged MPPs having different back cavities

Figure 10. The absorption coefficient of MPP1, MPP2, MPP3
and their combination in parallel with different cavities
In the current structure, it is observed in Figure 10 that decreasing the distance of back cavities shifts
the resonant frequency to higher frequencies broadening the absorption bandwidth (alpha ≥ 0.5 till 1200 Hz)
but having some abrupt downfalls at 300 and 750 Hz. Therefore, an optimized design of this structure may be
helpful in further studies.
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Conclusions

This work shows the potential of MPPs, which can exhibit a wider absorption band than conventional
building materials when correctly designed. Each parameter and its intertwined relations affect the absorption
coefficient factor of the material and, therefore, the overall absorption in the room. Since the acoustic
performance of parallel-connected MPPs depends on 4N parameters, it is difficult to know a priori the
combination of these parameters providing the maximum absorption within a prescribed frequency band.
Authors have used several optimization algorithms such as simulated annealing [11], genetic algorithm [12],
and Particle Swarm Optimization [13]. After achieving some optimized parameters for specific panels, it can
be manufactured and therefore can be used as a wall/ceiling panel in architectural applications. Absorptive
panels are used as an acoustic treatment when it’s crucial to improve sound quality within an environment. By
installing absorptive or diffusive panels in space, the level of undesirable noise, in the form of echo and
reverberation, is reduced. An environment with inadequate acoustics negatively affects a space’s
environmental comfort, behavior, and productivity [14]. When high absorption of specific frequencies is
required, innovative material panels that integrate resonant mechanisms with building materials’ intrinsic
properties providing the ideal reverberation desired for any room, should be further investigated. Investigations
of this kind from the architect’s point of view help the latter make informed decisions for incorporating better
sound within the project’s design, ultimately delivering a better user experience.
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