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Broadband absorption of low-frequency sound waves via a deep subwavelength structure is of great and ongoing
interest in research and engineering. Here, we numerically and experimentally present a design of a broadband low-
frequency absorber based on an acoustic metaporous composite (AMC). The AMC absorber is constructed by embedding a
single metamaterial resonator into a porous layer. The finite element simulations show that a high absorption (absorptance
A > 0.8) can be achieved within a broad frequency range (from 290 Hz to 1074 Hz), while the thickness of AMC is 1/13
of the corresponding wavelength at 290 Hz. The broadband and high-efficiency performances of the absorber are attributed
to the coupling between the two resonant absorptions and the trapped mode. The numerical simulations and experimental
results are obtained to be in good agreement with each other. Moreover, the high broadband absorption can be maintained
under random incident acoustic waves. The proposed absorber provides potential applications in low-frequency noise

reduction especially when limited space is demanded.

Keywords: acoustic metamaterial, low-frequency acoustic absorber, broadband, metaporous

PACS: 43.28.4+h, 43.50.+y, 43.90.4+v

1. Introduction

Low-frequency acoustic absorption has been a chal-
lenging problem due to the weak energy dissipation in

conventional acoustic absorbers, such as porous or fi-

brous materials.['3] A thickness comparable to the work-
ing wavelength is required to achieve prominent acous-

tic absorption, which hinders practical applications in

4]

a low-frequency range.[*! The emergence of metama-

terials provides a new approach to the high acous-
tic absorption at low frequency because of their lo-
cally resonant units along with large density of states

inside.>-23! Many metamaterial absorbers, such as acous-

8-12

tic membranes,>~"1 Helmholtz resonators, -1 labyrinthine

13-15] metasurface-based absorbers,'o18] and

[19-23

metamaterials,
split-tube resonators, I have been devised to improve the
low-frequency acoustic absorption. However, most of these
absorbers work in single or multiple discrete narrow bands
since the high absorption occurs only at resonance.

In recent years, absorbers constructed by embedding res-
onators in porous materials have been proposed to widen the
absorption band.?*=!1 Long et al.*®! achieved perfect ab-
sorption for low-frequency audible sound waves by embed-
ding the split ring resonator into the porous material. In Zhou

et al.’s work,[3%

an acoustic metaporous composite (AMC)
constructed by embedding Archimedean spiral structure in the
porous materials was proposed to realize the low-frequency

acoustic absorption. In these absorbers, a resonant absorp-
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tion is introduced into the low-frequency range based on the
critical coupling mechanism in the combined systems. But
their absorption bandwidths are also limited and an absorp-
tion valley will appear between the resonant absorption and
the trapped mode. To further extend the bandwidth, multiple
resonant units are generally required to be integrated, 3>~
which inevitably brings some restrictions on the applications
in limited space.

In this work, an absorber based on an AMC is proposed
for achieving the broadband low-frequency acoustic absorp-
tion. The AMC contains an embedded metamaterial resonator
(two split squares with a channel structure) and a porous ma-
terial layer. The finite-element simulations show that two res-
onant absorption peaks and one trapped mode peak can be ob-
tained by the AMC absorber. The two resonance frequencies
can be manipulated by adjusting the length of the channel. By
coupling the three absorption modes, a high absorption can
be achieved in a frequency range from 290 Hz to 1074 Hz.
Acoustic field distribution and impedance matching theory are
demonstrated to reveal the origin of the absorption peaks. Fur-
thermore, the simulations are confirmed by the experiment re-
sults.

2. The model of the AMC

Figure 1 illustrates the two-dimensional (2D) cross-
section of the AMC absorber, which is constructed by a meta-
material resonator embedded in porous material. The AMC
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is backed by a rigid wall that is located in the x direction. = widths of two splits and channel are w = 3 mm. The / denotes
The length of the porous material layer is L = 120 mm, and  the length of the channel and the 6 is the incident angle of the

its thickness is D = 90 mm. The metamaterial resonator con- sound wave as shown in Fig. 1.

Based on the Johnson—-Champoux—Allard (JCA)

model,?! the air-saturated porous material can be considered

sists of two 180°-twisted split squares and a narrow channel
attached to the inner split. The orientation of the splits and
channel are along the y direction. The side lengths of outer
and inner square are ¢; = 60 mm and a> = 43 mm, respec- as a homogeneous effective fluid. The effective density p. and

tively. The thickness of resonator walls is # =2 mm. The  bulk modulus K, can be described as

2
o= 2 (1590 i (25, 0
K. = — _——, @
(-0 () (o) T )
\
where py is the air density, Py is the atmospheric pressure, 1) is Finite element method (FEM) based on COMSOL Mul-

the air dynamic viscosity, ¥ is the specific heat ratio, B is the  tiphysics software is employed to perform numerical simula-
Prandt]l number, 0y = 6¢/po0. and @, = 6’¢ /Pyt are the  tions, and acoustic—thermoacoustic interaction module is used.
angular Biot and adiabatic cross-over angular frequencies, re- The surrounding medium is air with density py = 1.21 kg /m3

spectively. Other parameters that describe the acoustic proper-  and sound speed ¢o = 343 m/s. The walls are modeled as

ties of porous material are porosity @, tortuosity ., flow resis- being acoustically rigid with respect to air due to the huge
tivity o, thermal characteristic length A’, viscous characteris-
tic length A, and thermal resistivity 6’ = 8.1 /9 A’. Accord-

ing to the simulated and measured absorptances of the porous

impedance mismatch between them. The plane wave with in-
cident angle 6 = 0° is modeled as a background pressure field

with an amplitude of 1.0 Pa. Figure 1 shows the geometry
material, the five acoustic parameters can be obtained by the

backward deduction method based on genetic algorithm.B 637] of the modeled system, in which the solid and dashed lines
indicate the boundaries of the model domain. Floquet—-Bloch

In the present study, the parameters of the used porous ma-
terial are ¢ = 0.96, 0. = 1.43, 6 = 7000.1 N-s-m™* A’ =
342.9 um, and A = 190.5 pum.

periodicity conditions are applied to the left side and right side
of the porous material, and the rigid boundary condition and

the plane-wave radiation boundary condition are applied to the

Rigid boundary |, up boundary and bottom boundary. The complex reflectance R
k2
can be obtained from the numerical simulations and the trans-
a

A - | mittance 7 equals zero due to the rigid wall backed. Then the

© T w

o = absorptance A can be calculated from A =1 —R.
1l
as D
Air 3. Results and discussion
Nz Figure 2(a) shows the absorption spectrum as a function
— ) N of channel length [, with other parameters fixed. Three ab-
Porous material . .

v sorption peaks (marked by P, P, and P3) can be observed in

Air domain

a frequency range from about 200 Hz to 1300 Hz. The P; un-
dergoes a slight frequency shift from about 360 Hz to 305 Hz

when [ increases from 0 to 25 mm. The P, remains almost un-

Floquet-Bloch periodicity condition
Floquet-Bloch periodicity condition

changed, while the P3; moves markedly from about 1210 Hz

to 855 Hz with [/ increasing. Without the narrow channel

y ; (I = 0 mm), an absorption valley appears at about 1050 Hz
I:."'"/."-Zf"-'/fg ...... .4 due to the large distance between P, and P3. As [ increases,

z Plane wave radiation the enhanced coupling between P, and P3 compensates for the

Fig. 1. Geometry of modeled system, where acoustic metaporous com- valley between them, making the absorption continuous and

posite (AMC) is constructed by a metamaterial resonator embedded in

porous material. efficient. Further increasing /, the P53 gets too close to P, and
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the absorption bandwidth decreases. Meanwhile, the separa-
tion between P; and P; leads to an absorption valley at about
385 Hz. Here, the split-square with a channel structure can
give rise to another absorption peak Pz, and the absorption
peaks Py and P3 can be tuned by changing the channel length
in the target frequency band. Thus, by selecting an appropri-
ate length of [, the three absorption peaks can be connected

0 : : .,
200 600 800 1000 1200
Frequency (Hz)

(c)
| P/ Bol
5
325 Hz HO
(f)
v (m-s™1)

0.03

0

d
= | P/ Py
1.7
E Ho
(g)

together to get high acoustic absorption in a broad frequency
range. In Fig. 2(b), we plot the absorptance for/ = 14 mm as a
function of frequency for a better view. The absorptances are
all above 0.8 in the frequency range from 290 Hz to 1074 Hz.
Therefore, by embedding a single metamaterial resonator in
porous material, high broadband acoustic absorption can be
obtained.

(b) 1.0
0.8F

0.6

Absorptance

0.4

0.2 - - - ——
200 400 600 800 1000 1200
Frequency (Hz)

| (e)

| P/ Pyl
5

0
v (m-s™1) v (m-s~1)
0.005 0.03

Fig. 2. (a) Acoustic absorption spectrum as a function of the channel length /, with other parameters fixed. Three white dash—dot—dot lines represent
the positions of three peaks P;, P», and P3, respectively. (b) Acoustic absorptance of the AMC for / = 14 mm. Black arrows mark the positions of three
absorption peaks Pj, P,, and P3. Distribution of ((c), (d), (e)) acoustic pressure |P/Py| and ((f), (g), (h)) velocity fields at the three peak frequencies for
[ = 14 mm, with P being scattered acoustic pressure and Py denoting incident acoustic pressure.

To reveal the origin of the absorption peaks, the distribu-
tions of the |P/Py| and velocity fields at the three peak fre-
quencies for / = 14 mm are displayed in Figs. 2(c)-2(e) and
2(f)-2(h), respectively. The P is the scattered acoustic pressure
and Py is the incident acoustic pressure. Figure 2(c) exhibits
a maximum pressure field in the inner cavity of the AMC at
325 Hz, corresponding to a resonance mode. The large dif-
ference in acoustic pressure amplitude between inner cavity
and outer split leads to a large sound velocity along the path
of the splits as shown in Fig. 2(f). In consequence, the inci-
dence sound energy is dissipated into heat due to the friction
between the sound wave and walls at resonance, resulting in
the absorption peak P;. Similarly, the absorption peak Pz oc-
curs at 949 Hz due to another resonance mode, which can be
seen in Figs. 2(e) and 2(h). Thus the principle of the metamate-
rial resonator is similar to that of a lossy Helmholtz resonator.

For the absorption peak Py, the interior cavity acts as the tank
of the Helmholtz resonator and contributes the acoustic capac-
itance. The function of the coiled tube between the inner and
outer split shells is the long neck of the resonator, contributing
the acoustic inductance and also acoustic resistance for an ef-
ficient absorption. While for another absorption peak P3, the
coiled tube and the split parts of the shells paly the roles of
the tank and the neck of the resonator, respectively. The added
narrow channel can change the effective length of the coiled
tube and then influence the positions and amplitudes of the res-
onance modes P; and P3. As shown in Fig. 2(d), a large acous-
tic pressure is located between the resonator and the rigid wall
at 609 Hz, which is the characteristic of a trapped mode. 228!
The trapped mode is excited by the energy trapping between
the resonator and the rigid backing, which can enhance the vis-
cous loss and thermal loss inside the porous materials. Here,

064301-3



Chin. Phys. B 31, 064301 (2022)

the trapped mode P; is not strong because of the large distance

[25-271 pyt it can

between resonator and the backed rigid wall,
link the two resonance modes (P and P3) and make a high ab-
sorption in a wide frequency band. The distribution of velocity
field in Fig. 2(g) shows that both the loss of the sound wave in
porous material layer and the coupling between the resonator
and porous material layer contribute to the absorption of P».
We also conduct an analysis from the viewpoint of the
impedance to explain the absorption peaks. The acoustic ab-
sorptance A has a relationship with the normalized acoustic

impedance Z/Zy of the AMC and it can be expressed as

2

Z/Zy—1 7 3)

A=1—|—"——
‘Z/Z()Jrl

where Zy = poco is the impedance of air. From Eq. (3), it can
be seen that the high absorption requires the impedance of the
AMC and air matching well. In other words, the real part of
the normalized impedance should approach to unity and the
imaginary part should approach to zero synchronously. The
normalized impedance can be obtained numerically from

Z/Z =

where p is the average pressure and v is the average velocity
at the interface between air and AMC. Figures 3(a) and 3(b)
exhibit the real parts and imaginary parts of Z/Z for [ = 0,
14, and 24 mm, respectively. For / = 14 mm, the real and
imaginary parts of the normalized impedance get close to 1
and O (green dot line) respectively in the range of 300 Hz—
1100 Hz, which is consistent with high absorption in our cal-
culation result. The real parts and imaginary parts of the nor-
malized impedance get away from 1 and 0 at about 1050 Hz
and 385 Hz for / = 0 mm and 24 mm, respectively, where the
absorption valleys appear.

Real (Z/Zy)

Imag (Z/Zo)

i

200 400 600 800
Frequency (Hz)

1000 1200

Fig. 3. (a) Real parts and (b) imaginary parts of normalized acoustic
impedance for / = 0, 14, 24 mm, with arrows indicating positions of
three absorption peaks when / = 14 mm.
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Fig. 4. (a) Schematic diagram of experimental setup, with resonator
used in the work being fabricated by standard 3D printing technology
and the porous material being a kind of polyurethane sponge. (b) Sim-
ulated (Sim., black solid line) and measured (Exp. red dots) absorp-
tances of AMC compared with simulated (blue dashed line) and mea-
sured (green triangles) absorptances of the porous material without the
embedded resonator.

To verify our simulation results, we measure the absorp-
tion of the AMC and the absorption of the porous material
without the embedded resonator in an impedance tube by us-
ing the two-microphone method.¥! Figure 4(a) shows the
schematic of the experiment setup. The resonator that we are
using is fabricated by standard 3D printing technology. The
porous material is the polyurethane sponge, which is com-
monly used for acoustic testing and sound applications. The
side length of the square tube is 120 mm, corresponding to a
plane wave cut-off frequency at 1429 Hz. A loudspeaker and
the AMC are placed at two ends of the impedance tube to emit
and absorb plane waves, respectively. The acoustic signals
are received by two microphones (1/4 in., B&K Type-4938-
A-011) and then analyzed by a multi-analyzer system (B&K
Type-3160-A-042) to obtain the amplitude and phase of the
sound wave. The acoustic absorptances measured in the exper-
iment are shown with red dots in Fig. 4(b), and the black solid
line represents the simulated results. The measured (green tri-
angles) and simulated (blue dashed line)) absorptances for the
porous material without the embedded resonator are also plot-
ted in Fig. 4(b) for comparison. It is observed that the ab-
sorption of the polyurethane sponge can be described well by
using the acoustic parameters of porous material in the JCA
model and the porous layer has a weak absorption in the low
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frequency region. Three absorption peaks are observed in the
presetting frequency range from about 300 Hz to 1100 Hz,
which are generally consistent with the simulation results. The
higher measured absorption than the simulated ones can be at-
tributed to additional losses in the experimental setup, such as
the energy leakage between different pieces forming the ap-
paratus, the material losses, or the visco-thermal losses in the
tube. The deviation of the absorption peaks Py and P3 can be
ascribed to the imperfect metamaterial resonator sample fabri-

cation.
1.0 - —
(a) 1'\. .= ~ N\
D 2\
\ s S - \
N 7 \
\\ -
g o08r
o
@ o
2 ! 0=0
3 !
z il - - - 9=30°
0.6 [
< | —-—--9=60"
l/
]
0.4

200 400 600 800 1000 1200

Frequency (Hz)

Random absorptance

0.4 1 1 L L L
200 400 600 800 1000 1200
Frequency (Hz)

Fig. 5. (a) Absorptances of AMC at different incident angles. (b) Absorp-
tances of AMC (black solid line) compared with porous material without the
embedded resonator (red dashed line) at random incident angle.

We finally study the effect of the incident angle 6 on the
absorption of AMC. The absorptances for 8 = 0°, 30°, and
60° are plotted in Fig. 5(a). The absorption peaks are robust
against the variation of the incident angle due to the subwave-
length spatial dimension of the AMC. The frequencies of two
resonance peaks (P; and P3) are almost unvaried while the
frequency of trapped peak (P;) increases with 8 increasing,
which is in accord with the results reported previously.3%-311
The whole absorption increases with the incident angle 6 in-
creasing, because the increase of incidence angle is similar
to the increase of the thickness of the porous material in the
direction of sound wave propagation. Thus, the broadband ab-
sorption of the AMC can be maintained under the oblique in-
cidence. In reality, a complicated sound field includes a num-
ber of waves with various directions rather than a single plane
wave. To show the acoustic absorption of such a sound field,

the random incidence absorptance O4,,q of the AMC is illus-
trated by black solid line in Fig. 5(b). The 04anq is calculated

from 39!

/2

Orand = A(0)sin(260)d6, 4)

where A (0) is the simulated absorptance at 6. In Fig. 5(b),
the Oang for the porous material without embedded resonator
is also plotted with a red dashed curve for comparison. It can
be seen that the AMC enhances the acoustic absorption es-
pecially at low frequency. These results demonstrate that the
proposed AMC absorber still keeps broadband high-efficient
absorption in the case of random incident acoustic waves.

4. Conclusions

We proposed an AMC absorber composed of a porous
layer with a single embedded metamaterial resonator. High
absorptions occur at resonant and trapped modes for the AMC
absorber. The resonance frequency can be tuned by adjust-
ing the length of the channel of the AMC, while the trapped
mode frequency remains almost unchanged. The broadband
absorption is achieved when the resonant modes and trapped
mode are close enough to excite coupled modes. It is found
that a high absorption (A > 0.8) is obtained within a frequency
range from 290 Hz to 1074 Hz, but the thickness of AMC is
only 1/13 of the relevant wavelength at 290 Hz. The numer-
ical simulations are experimentally validated. Additionally,
the proposed AMC absorber still kept broadband high-efficient
absorption in the case of random incident acoustic waves. The
characteristics of high-efficiency, broadband, and compact ab-
sorber can possess the applications in building acoustics and
noise remediation.
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