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ABSTRACT

Absorption of sound is vital in various technological and everyday life spheres of human activity.
Utilizing porous materials is traditional for this purpose. However, their performance is limited in
the low frequencies, requiring big amounts of material. Thus, the need of smart engineering of their
geometry is evident. Inspired by multi-scale self-similar patterns widespread in Nature, we propose
a novel design of a hierarchical multilayered porous absorber. We study two types of designs: a
hierarchical periodic and a hierarchical gradient. Their geometrical arrangement is obtained by
the optimization algorithms (metaheuristic Greedy Randomized Adaptive Search Procedure). The
samples are subject to the incidence of a plane wave. In both cases we come to the conclusion that
the introduction of multiple hierarchical levels allows to enhance the absorption compared to the
bulk block of porous material of the same full length (as well as to the lower hierarchical levels). We
considered the dependence of the absorber performance on the angle of the plane wave incidence,
as well as of the values of the static air flow resistivity of material. The absorption coefficient
was retrieved using the transfer matrix method and finite element calculations, which exhibit an
excellent agreement.

1. INTRODUCTION

Being a challenge in modern acoustics, the low-frequency sound absorption is highly
demanded in most of the noise mitigation applications of human activities. As a response to
this issue, porous materials have appeared as a sustainable solution allowing high absorption
performance and lightweight designs [1, 2]. One of the most frequently utilized models of porous
media is the Johnson-Champoux-Allard (JCA) model [3]. It deals with five physical parameters,
namely: the static air flow resistivity o, the open porosity ¢, the tortuosity @, the viscous
characteristic length A and the thermal characteristic length A'.

To overcome the limited performance of porous materials at low frequencies [4] specific
engineered porous metamaterials have been recently proposed [5]. One of the most common
designs is multilayered porous media, whose performance strongly depends on the geometrical
arrangement of its constituents. This meta-porous approach, being initiated several decades
ago [6-8], became popular again due to the recent advances in acoustic metamaterials [9, 10] and
fabrication techniques [11], allowing an efficient and broadband absorption at the low frequencies
using moderate amounts of absorbers [5].
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The concept of hierarchy, inspired by Nature, has recently emerged as a promising platform
of metamaterial engineering leading to improvement of functional properties in different areas
of research, from electromagnetism to elasticity and acoustics [12-18]. Hierarchical architectures
are widespread in Nature and represent self-similar patterns repeated on different length scales,
beneficial compared to simpler structural organizations [19].

In this article, we introduce a self-replicating layered porous structure (see Figure 1).
Through numerical calculations based on the transfer matrix method, optimization procedure
(metaheuristic Greedy Randomized Adaptive Search Procedure), and FEM simulations, we show
the enhanced absorption as additional hierarchical levels are added into the porous layers(s). Two
types of organization are investigated — a hierarchical periodic (HP) and a hierarchical gradient
(HG), and their performances are compared to those of the corresponding blocks of bulk materials
of the same full lengths. In both cases the introduction of higher levels of hierarchy increases the
absorption, and reduces the amount of porous material. The influence of the angle of a plane
wave incidence and the static air flow resistivity are considered. The optimization procedure
maximizes the performance of the highest hierarchical level in the frequency range [20, 2000] Hz.

2. METHODS
2.1. Design and description of the meta-porous materials
The construction algorithm of designs under investigation is shown in Figure 1. The stiffer layers
(violet for the HP and yellow for the HG) are made of porous melamine, whereas the softer ones
(white) are air. The simplest 0/ hierarchical level is a bulk block of porous material of length p,
(top panels of Figure 1), where po = Lyp = 26 cm in the case of HP, and pg = Lyg = 41.3 cm in
the case of HG. In the HP case, the recursive rule adopted to build each next level is to divide
the porous domain(s) of the previous level into 3 unit cells (supercells) made of porous and air
layers. Thus, the supercell of the last 3¢ HL consists of the following combination of porous and
air layers ps f3ps fsps f3 203 f3p3 f3p3 f3 f2p3 fsp3 fsps f3f2f1- The thinnest porous layer thickness
has been limited to at least 4 mm for the validity of the JCA model [3]. The other lengths of the
porous and fluid layers are determined from an optimization of the last HL.

The difference in HG case is that the three unit cells (supercells) belonging to the same
HL have different lengths. The recursive rule to build each next level is to divide the porous
domain(s) of the previous HL into 3 porous and air layers keeping the proportions of the previous
HL constants, i.e., maintaining the ratio % constant. The last 3" HL is constructed from the

supercells C = ps, f3, Bps, f3, B2 p3, f; in the following sequence

C, 2, BC.f2, B*C, fo, fi, o))
BC,Bf2.B°C, B2, B3C. B Lo, fr,
B>C.B’ f2.8°C, B> fo. B*C, B* i, fi.

We optimize the absorption coefficient of the highest HL minimizing the area above the
absorption curve a3(f) in the frequency range [20, 2000] Hz focusing of the global performance
rather than the perfect absorption. We utilize the metaheuristic Greedy Randomized Adaptive
Search Procedure GRASP [20] which performs a randomized exploration of the greedy algorithm
and assigns values to the lengths of the porous (p3 in the HP and pé in the HG) and fluid (f;) layers,
the number of hierarchical levels m, the number of unit cells (supercells) n, and the evolution
coefficient  of growth of the porous layers lengths in HG case. The limits on the parameters p; =4
mm, f; =1.8 mm, m < 3, n < 3 were dictated by practical reasons.

The porous layers are made of melamine described by the Johnson-Champoux-Allard
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characteristic length A = 150 um, thermal characteristic length A’ = 560 um, and static static air
flow resistivity o = 49000 Pa.s/m? and o = 10000 Pa.s/m?. These two values of o have been chosen
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Figure 1: Geometry of the HP and HG cases.

as belonging to the range of most common values.

2.2. Absorption coefficient

We consider a harmonic plane wave incident from the left on the rigidly backed multilayered
hierarchical structures and adopt the transfer matrix formalism. The transfer matrix of each layer
is .

T = COSkixli %Siﬂk;’xli @)
e "CZL,Sasinkixli COSk,‘xli '

where [; is the length of the corresponding layer, k;x = kpx(ko,) is the component of the
wavenumber normal to the layers, Z; = Z,(Z) is the impedance, 6 is the angle of incidence. The
subscripts , and ( refer to porous or air layer, respectively. The total transfer matrix T™ of the n'”
HLis a consecutive product of all the layers

TW=Hn. 3)

The absorption coefficient is obtained as follows

(n) (n) |2
_ 1_|Tll cos — Zy T,

a (4)
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3. RESULTS AND DISCUSSION

The following geometrical parameters were obtained by the optimization procedure: Lyp =26 cm,
p3 =4 mm, f3 =2 mm, f> =6 mm, fi = 14.7 mm for the HP case and Lyg = 41.3, cm p3 =4 mm,
f3=18mm, f> =8.4mm, fi =39.4 mm and f = 1.1085 for the HG case. The sizes are rounded to
0.1 mm. This allowed to reduce the porous volume by 48.5% for in the HP case and by 64% in the
HG case for the 3" HLs.

3.1. Normal incidence

In Figure 2 we plot the absorption coefficient « as a function of frequency f for the HP (a,b) and
for HG (c,d) cases. The HLs are marked by the corresponding curves and the calculations are
performed for two different values of o, 49000 Pa.s/m? (left panel) and 10000 Pa.s/m? (right panel),
respectively. The results obtained by the transfer matrix method are reported as continuous lines
while the FEM-simulation results obtained by Comsol Multiphysics are shown as markers and are
in a perfect agreement with the TMM results.

HP,c = 49000 Pa-s/m? HP, = 10000 Pa-s/m?

(a) 1 (b) 1
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Figure 2: (a), (b) The absorption coefficient a for different hierarchical levels of HP case, (c), (d)
the same for the HG case. The dissipated intensities at f = 900 Hz for HP and f = 600 Hz for HG are
shown on the insets.

Introduction of hierarchy results in a considerable enhancement of the absorption
properties of the structure, for both values of o and both designs. The largest enhancement (39%)
is reached for a HP case at f = 75 Hz and an increase between 20% and 25% is observed when f =
200 Hz. Similarly, for the smaller values of o the introduction of hierarchy still remains beneficial,
esneciallv at the low freauencies. Tn the HP case for small 4. the ahsarntion coefficient exhihits
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oscillations reaching a maximum enhancement of 20% at f = 330 Hz (corresponding to the 1/4
resonance). For HG case, the results are similar, though the increase of a at f = 200 Hz (A/4
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resonance) is slightly lower.

The onsets on Figure 2 show the dissipated acoustic intensity normalized to its value at the
left edge of the structure. Introduction of air layers allows the pressure field to propagate further
inside the structure, exposing the propagating wave to multiple reflections while traversing the
porous layers resulting in the increased dissipation. In the case of smaller value of o, hierarchy
increases the absorption related to the first quarter-wavelength resonance and to the higher order
resonances. For the larger values of o the field decreases more rapidly inside the structure without
any noticeable geometrical resonances.

3.2. Oblique incidence

In Figure 3 we report the absorption coefficient @ at 500 Hz as a function of 8 € [0, 90]°
for the three hierarchical levels and the bulk block of porous material with o = 10000 Pa.s/m?.
The introduction of hierarchy is advantageous for the absorption for most of the angles of
incidence. For large angles, the absorption curves converge and drop to 0 when 6 = 90°. The
largest enhancement of absorption is observed at normal incidence (6 = 0), for both HP and HG
designs. It is worth reminding here that the geometry was only optimized for 8 = 0°, nevertheless
it remains advantageous in a wide range of angles. The normalized total acoustic pressure fields

HG
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Figure 3: The absorption coefficient a for different hierarchical levels of (a) HP case and (b) HG
case, (c), (d) the maps of the difference a3 — ao for HP and HG designs as a function of frequency
and the angle of incidence.
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mfx(;;z ) for the 374 HL at different angles of incidence (6 = 20° and 6 = 70°) are also reported as

insets in Figures 3a and 3b.
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Considering the broadband response, Figures 3c and 3d report the maps of as — @, in the
(f,0) plane for o = 10000 Pa.s/m? and for HP and HG cases, respectively.

3.3. Influence of the static static air flow resistivity

The behaviour of a3 — ay is reported in Figures 4a and 4b as a function of frequency f and
of the static static air flow resistivity o for the normal incidence. The enhancement of absorption
increases with the increase of o (except a narrow low frequency region).

b) 2
1.8+t

0
10 20 30 40 50 10 20 30 40 50
5-10° (Pa-s/m?) 510 (Pa-s/m?)

L ___ |

-04 -03 -0.2 -0.1 0 0.1 02 -05 -04 -0.3 -02 -0.1 0 0.1 02

Figure 4: Maps of the difference a3 — ao for HP and HG designs as a function of frequency and
resistivity.

4. CONCLUSIONS

We have investigated numerically the absorption coefficient of hierarchical meta-porous
structure composed of alternating melamine and air layers. Two types of design were proposed:
a hierarchical periodic and a hierarchical gradient ones. Both structures exhibit beneficial
absorbing properties in the [20, 2000] Hz frequency range compared to a block of porous material
of the same length. A maximum enhancement of 39% was observed in the HP organization.
Proposed designs also introduce porous volume reduction of 48.5% in the HP case and 64% in the
HG case for the 3" HL.

Designs optimized for a single value of static air flow resistivity (o) and for normal wave
incidence (6 = 0) only, remarkably remain advantageous in a wide range of angles of incidence and
static air flow resistivities. The proposed structures are promising for improving the low-frequency
performance of porous absorbers.
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