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The numerical simulations and experimental results of an ultra-broadband acoustic ventilation barrier composed of
periodic unit cells are reported in this paper. Based on multiple mechanisms, including sound absorption by eigenmodes
of the unit cell and sound reflection by a plate structure on upper surface of the unit cell, a single-layer ventilation barrier
with broadband sound reduction is designed, and its working bandwidth can reach about 1560 Hz. The experimental
results accord well with the simulation results. Furthermore, two types of three-layer ventilation barriers are designed and
demonstrated by using the unit cells with different values of a (the length of the hollow square region) and w (the width
of the channel between the adjacent cavities), and the bandwidths of both ventilation barriers can increase to 3160 Hz
and 3230 Hz, respectively. The designed barrier structures have the advantages of ultra-broadband sound reduction and
ventilation, which paves the way to designing high-performance ventilation barriers for the applications in environmental

protection and architectural acoustics.

Keywords: acoustic metamaterials, ultra-broadband sound reduction, acoustic barrier, ventilation

PACS: 43.35.4+d, 43.20.4+-¢g

1. Introduction

Sound reduction has always attracted a great deal of at-
tention due to its practical applications in the fields of noise
control, environmental protection and architectural acous-
tics. Recent development of acoustic metamaterials!!~! and

[10-171 provides alternative methods for design-

metasurfaces
ing various sound insulation and sound absorption systems
based on different types of unit cells, such as Helmholtz
resonators, 324 coiled Fabry—Perot resonators,>-2" sound
membranes, 28311 metasurface-based structures,324% and

[4142] Generally, these systems have the

split-ring-resonators.
advantages of high-performance sound insulation and absorp-
tion. However, most of them are designed as closed structures,
and it is difficult to use them in the application scenarios re-
quiring an additional feature of ventilation.

To overcome it, a variety of ventilation structures
with sound insulation and absorption based on different
mechanisms have been realized sequentially,[*>*8] which
mainly include sound absorber based on weak coupling of
two identical oppositely oriented split tube resonators, ]
open sound silencer based on Fano-like interference, [45-47]
and ultra-sparse open sound-insulation wall based on artifi-
cial Mie resonances. 8] Beyond that, ultrathin metasurface-

based structures*”! have been proposed to design venti-
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lated sound insulation systems based on phased modula-
tion, such as acoustic metacages,” open tunnels,>!! and
windows.!5?! These types of structures can realize sound in-
sulation/absorption and ventilation simultaneously, however,
the working bandwidths are narrow owing to resonance na-
ture. In order to solve this problem, several researches 239
have been devoted to optimizing working bandwidths of sound
insulation/sound absorption, such as ultra-wideband ventila-

1331 based on sound dissipation mechanism and in-

tion barrie
terference mechanism, and ventilated sound metamaterial and
sound absorption metamaterial based on the coupling modula-
tion of resonance energy leakage and loss.>” However, it still
poses a great challenge to further increasing the bandwidth of
ventilated sound-reduction structures.

In this work, we propose an ultra-broadband acoustic ven-
tilation barrier composed of periodic unit cells. The designed
single-layer ventilation barrier can realize broadband sound re-
duction with a bandwidth of 1560 Hz. Such a phenomenon
arises from sound absorption caused by the eigenmode of the
unit cell and sound reflection by the plate structure on upper
surface of the unit cell. The measured and simulated results ac-
cord well with each other. Moreover, by designing two types
of three-layer ventilation barriers composed of the unit cells
with different values of a (the length of the hollow square re-
gion) and w (the width of the channel between the adjacent
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cavities), we can increase the working bandwidths of both bar-
riers to 3160 Hz and 3230 Hz, respectively, which are demon-
strated by the experimental measurement.

2. Design of acoustic ventilation barrier

As shown in Fig. 1(a), we designed a type of acous-
tic ventilation barrier composed of periodic unit cells with
a thickness of H. The photographs of the upper surface,
bottom surface, and cross section of the unit cell made of
epoxy resin are shown in Figs. 1(b)-1(d), respectively. We
can see that there exists a hollow square region in the mid-
dle of the unit cell, realizing a characteristic of ventilation.
Additionally, as shown in Fig. 1(d), the unit cell is composed
of a multiple-cavity resonator and different plate structures
on both sides, in which the multiple-cavity resonator consists
of four interconnected identical cavities surrounded by four
channels. The parameters D, w, ¢, a, b, and ¢ are the length
of the unit cell, the width of the channel between the adjacent
cavities, the thickness of the wall, the length of the hollow
square region, the open width of the cavities, and the width of
the channel between the cavities and outer frame, respectively

Incident wave
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Fig. 1. (a) Schematic diagram of acoustic ventilation barrier composed
of periodically arranged unit cells. Photograph of (b) upper surface,
(c) bottom surface, and (d) cross section of the unit cell, (¢) schematic
diagram of cross section of the unit cell.

[as shown in Fig. 1(e)]. The performance of the ventilation
barrier is numerically simulated by the software of COMSOL
Multiphysics. Owing to sound absorption caused by thermo-
viscous energy loss, the module of thermoviscous acoustic-
solid interaction was used inside the unit cell, while the mod-
ule of acoustic pressure was adopted in other parts to reduce
computation cost. Here, it is noted that the surfaces inside the
unit cell were set as the thermoviscous boundary layers, and
the thickness of the layer is dy = 1/211/(p®), in which the
parameters (L, p, and @ are the coefficient of dynamic viscos-
ity, the density of air, and the angular frequency, respectively.
In the numerical model, the parameters H, D, w, ¢, a, b, and
c are selected as 3.0 cm, 10.0 cm, 1.0 cm, 1.5 mm, 4.0 cm,
4.0 mm, and 4.0 mm, respectively. The parameters of epoxy
resin used in the simulation are the density p = 1180 kg/m?>,
the longitudinal wave velocity ¢; = 2720 m/s, and the transver-
sal wave velocity ¢ = 1460 m/s, and those of air are calculated
from p = poM/(RT) and ¢ = /yRT /M, in which the ratio of
the molar heat capacities ¥, the molar mass M, the air temper-
ature 7', the molar gas constant R, and the air pressure p( are
selected as 1.4, 28.97x 1073 kg/mol, 293 K, 8.31 J/(mol/K),
and 101.325 kPa, respectively.

3. Performance and mechanism of acoustic ven-
tilation barrier

To demonstrate the performance of the designed ventila-
tion barrier, we conducted an experiment to measure transmit-
tance spectra of a unit cell in a straight waveguide made of
acrylic plates with a size of 2 mx0.1 mx0.1 m [as shown in
Fig. 2(a)], in which the sound-absorbing foams are placed on
both sides of the waveguide to eliminate reflected sound en-
ergy. The sample is placed in the middle of the waveguide,
and the width of the waveguide is the same as the length of
the unit cell. Beyond that, a loudspeaker driven by a power
amplifier is placed on the left side to generate incident sound
signals. Four 0.25-inch (1 inch =2.54 cm) microphones (Briiel
& Kjer type-4954, marked as Mic. 1, 2, 3, and 4) are inserted
into the waveguide from four holes with the same size to detect
sound signals. The measured data are recorded by the module
of Briiel & Kjer 3160-A-042, and they are analyzed by the
software of PULSE Labshop.

The acoustic pressure on the left of the sample in the
waveguide is the superposition of the incident sound signal
and reflected sound signal, and that on the right of the sam-
ple is the superposition of the transmitted sound signal and
reflected sound signal. Thus, the sound pressures at the posi-

tions 1, 2, 3, and 4 can be expressed as

P :pieik(lerll) _|_prefik(d1+ll)’ 1)
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p2=pie + pre @)
p3=pie 2 4 pyelt, (3)
ps=pre” HETR) 4 p Bt @)

where k is the wave number of air, and p; and p; are the in-
cident acoustic pressure and transmitted acoustic pressure, re-
spectively, and p; and py are the reflected sound pressure in
the left region and that in the right region of the waveguide,
respectively, and d; and d; are the distance between Mic. 1
and Mic. 2, and that between Mic. 3 and Mic. 4, respectively,
and [ and [, are the distance from Mic. 2 to the left surface
and that from Mic. 3 to the right surface of the sample, respec-
tively. Here, we selectd; =dy = 10cm, and /y =/ =13.5cm.
According to Egs. (1) and (2), we can obtain

pre—ikl _ pye=ikldi+h)
pi= oikd _ o—ikd; ; ®)
ik(dy +1 ikl
R T ©
Pr="""Jikdy _ o-ikdy "

Thus, the reflection coefficient can be given as

ikd
elkdy _ .
R="Dr= 28 TP ik, (7)
pi pr—p2e
From Egs. (3) and (4), we can obtain
B p3eik(d2+lz) — paeikh g
Pe= " Cikd, — o ikdy ®)
(a)
Power amplifier Controller model
0 0 0 o
MG
Waveguide | 1 Sample 4

Thus, the transmitted coefficient can be expressed as

_ pc_ sinkd; p3 elt2 — p, ikl +h) )
Di sinkd, pP1—D2 e ikdi

T

From Egs. (7) and (9), we can calculate the transmittance,
reflectance, and absorptance of the sample to be ¢ = |T|?,
r=|R|?, and a = 1 —|R|*> — |T|?, respectively.

Figure 2(b) shows the measured transmittance spectra
caused by the unit cell, in which the simulated results for the
unit cell under the conditions of the hard and periodic bound-
ary are also provided for comparisons. We can see that in the
range of 834 Hz-2395 Hz (black shaded region), the trans-
mittances are lower than 0.1, and thus the working bandwidth
can reach about 1560 Hz, showing a typical characteristic of
broadband sound reduction. Both types of simulated transmit-
tance spectra are almost the same, and thus we can use the
performance of a single unit cell to characterize that of the
designed acoustic barrier. Beyond that, the measured and sim-
ulated results are basically in agreement with each other, in
which the disagreement between both results may arise from
the leakage of sound energy from the acrylic plates of the
waveguide and the structural deviation of sample caused by
the three-dimensional (3D) printing. Furthermore, according
to the proportion of the size of the hollow region in the unit

cell, we can obtain that the ventilation ratio of the designed
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Fig. 2. (a) Experimental set-up. (b) Measured (ME) and simulated (SI) transmittance spectra caused by the unit cell, with solid black line and
dashed blue lines denoting simulated results for the unit cell under numerical condition of hard boundary and periodic boundary, respectively.

To explore the mechanism of the ventilation barrier, we
simulate the absorptance and reflectance spectra caused by the
unit cell. As shown in Fig. 3(a), the broadband sound reduc-
tion is closely related to both sound absorption and reflec-
tion. To further explain it, we divide the working band into
four regions (I: 834 Hz—1150 Hz, II: 1150 Hz-1450 Hz, III:
1450 Hz-1700 Hz, and IV: 1700 Hz—2395 Hz) according to
different characteristics. In the bands I and III, the absorptance
values are both larger than 0.1, and the transmittance values
are both lower than 0.1, however, both absorptance value and
transmittance value are lower than 0.1 in the bands II and IV.

We can see that the band I is determined by both sound absorp-
tion and sound reflection simultaneously, and the bands II and
IV are mainly caused by sound reflection, which arises from
the plate structure on upper surface of each unit cell. How-
ever, in the band III, the absorption coefficients are larger than
0.1, and the maximum value can reach a value exceeding 0.9
at 1580 Hz, so the band III is attributed to sound absorption
caused by the unit cell.

Next, to provide an insight into the mechanism of sound
absorption in the bands I and III, we simulate the pressure am-
plitude eigenfunctions of the unit cell around two absorption
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peaks in the bands I and III. As shown in Fig. 3(b), there
exist two types of eigenmodes at 920 Hz and 1578 Hz, in
which most of the sound energy is absorbed into four cavi-
ties at 920 Hz, and it is mainly concentrated into the channel
between the cavities and the outer frame at 1578 Hz. Fig-
ure 3(c) shows the simulated pressure amplitude distributions
in the unit cell excited by the normal incidence of sound at
920 Hz and 1580 Hz. We can see that the field distributions
in the unit cell are consistent with those of two eigenmodes
in Fig. 3(b), indicating that the sound absorption is closely re-
lated to the eigenmodes of the unit cell. Moreover, we simu-

LorG) 1 oI v
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P e
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0.6 0,
YL
it
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In :| —— Transmittance
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/ :
oF D
1 1 1 1
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Frequency (Hz)

late the distributions of thermoviscous energy loss density in
the unit cell at 920 Hz and 1580 Hz. As shown in Fig. 3(d), the
thermoviscous loss is mainly distributed in the narrow channel
between the cavity and the outer frame at 1580 Hz, which is
much stronger than that in the channels between the adjacent
cavities at 920 Hz. Such a phenomenon can be used to explain
the difference between the two absorption peaks in the bands I
and III. Therefore, the absorbed sound energy is mainly dissi-
pated by the thermoviscous loss inside the channels of the unit
cell in the bands I and III.

b) Eigenmodes

=920 Hz = 1578 Hz Mlax.
Min.
(c) f=920 Hz f=1580 Hz Max.

H

Min
(d) f=920 Hz f=1580 Hz Max
Min.

Fig. 3. (a) Simulated sound transmittance, reflectance, and absorptance spectra caused by the unit cell. Different colors represent four working
bands (I: 834 Hz-1150 Hz, II: 1150 Hz-1450 Hz, III: 1450 Hz-1700 Hz, and IV: 1700-2395 Hz). (b) Simulated pressure amplitude eigen-
functions of the unit cell at 920 Hz and 1578 Hz. Simulated distributions of (c) pressure amplitude and (d) thermoviscous energy loss density
in the unit cell excited by normal incidence of sound (red solid arrows) at 920 Hz and 1580 Hz.
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Fig. 4. Simulated (a) effective bulk modulus, (b) effective impedance, (c) ef-
fective sound velocity, and (d) absorptance spectra of the unit cell around two

absorption peaks.

To further analyze the above phenomena, we also simu-

late the effective bulk modulus, the effective impedance, the

effective sound velocity of the unit cell, which are presented in

Figs. 4(a)—4(c), respectively, and the absorptance spectrum of
the unit cell [as shown in Fig. 4(d)] is also exhibited for com-
parisons. We can see that the real part of the effective bulk
modulus is close to zero at 920 Hz and 1578 Hz [as shown in
Fig. 4(a)] owing to the excitation of the eigenmodes at both
frequencies. Additionally, the imaginary part of the effective

1.0

0.8

0.6

0.4

Transmittance

0.2

0
500

1500 2000 2500 3000

Frequency (Hz)

1000

Fig. 5. Simulated transmittance spectra through unit cell under the ex-
citation of acoustic waves at different incident angles.
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impedance and sound velocity at 1578 Hz are larger than those
at 920 Hz [as shown in Figs. 4(b) and 4(c)], indicating the high
concentration and dissipation of sound energy in the unit cell
at 1578 Hz.13%! The theoretical analysis of these effective pa-
rameters accords well with the characteristics of the unit cell
in Fig. 3.

Figure 5 shows the simulated transmittance spectra
through the unit cell under the excitation of the acoustic waves
at the incident angle 6 = 30°, 45°, and 60°. We can see that
the simulated transmittance spectra are almost the same at dif-
ferent incident angles of sound, indicating high-performance
broadband sound insulation in a wide range of incident angle
for the designed ventilation barrier.

4. Bandwidth optimization of acoustic ventila-
tion barrier

To optimize the bandwidth of the designed ventilation
barrier, we also study and measure the transmission character-
istics caused by the unit cell with different values of a and w,
which is shown in Fig. 6. We can observe that by adjusting the
parameter a or w, the ventilation barrier has high-performance

Incident wave

d N=1
N=2
N=3

L

Incident wave

d N=1
N=2
N=3

sound reduction below 3000 Hz, and the measured results are
in good agreement with the numerical results.

MO (@)

0.8

0.6

0.4

Transmittance
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Fig. 6. Measured and simulated transmittance spectra caused by unit cell
with (@) a =3 cm, w =10 mm; (b) a =5 cm, w = 10 mm; (¢) a =4 cm,
w=>5mm; and (d) a =4 cm, w = 15 mm.
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Fig. 7. (a) Schematic diagram of the first type of three-layer ventilation barrier composed of unit cells with the same value of w (w = 10 mm)
but different values of a (a =5 cm for N = 1; a =4 cm for N = 2; a = 3 cm for N = 3). (b) Measured and simulated transmittance spectra
caused by the three-layer ventilation barrier. (c) Schematic diagram of the second type of three-layer barrier composed of unit cells with the
same value of a (a¢ = 4 cm) but different values of w (w =5 mm for N = 1; w = 10 mm for N = 2; w = 15 mm for N = 3). (d) Measured and

simulated transmittance spectra caused by three-layer ventilation barrier.
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Next, we design two types of three-layer ventilation bar-
riers with different values of a and w to realize an ultra-
broadband feature. Figure 7(a) schematically shows the first
type of three-layer ventilation barrier with a distance (denoted
as d) of 4.5 cm, in which the values of parameter a of the unit
cells in layers 1, 2, and 3 are selected as 5 cm, 4 cm, and 3 cm,
respectively, and the other parameters are the same as those in
Fig. 1(e). Here, it is necessary to point out that the ventilation
ratio of the three-layer barrier is 9% owing to different values
of a, which decreases obviously in comparison with that of
the single-layer barrier. Figure 6(b) shows the measured and
simulated transmittance spectra of the three-layer ventilation
barriers. We observed that the transmittance values are all less
than 0.1 in the frequency range of 636 Hz-3798 Hz, and the
bandwidth can reach about 3160 Hz, demonstrating the ultra-
broadband characteristic. The measured and simulated results
match well with each other.

Figure 7(c) presents the second type of three-layer ven-
tilation barrier, in which the values of w of the unit cells in
each layer (N = 1, 2, and 3) are selected as 5 mm, 10 mm,
and 15 mm, respectively, and the distance between two adja-
cent layers is the same as that in Fig. 7(a). Here, the ventila-
tion ratio of this type of three-layer barrier is 16%, which is
consistent with that of the single-layer barrier. The measured
and simulated transmittance spectra of the three-layer venti-
lation barrier are shown in Fig. 7(d). It is observed that the
transmittance values are all below 0.1 in the frequency range
of 660 Hz-3890 Hz (black shaded region), and the working
bandwidth can increase to 3230 Hz, indicating the realization
of an ultra-broadband characteristic of the ventilation barrier.
The measured results show excellent agreement with the nu-
merical results. Such ultra-broadband working bandwidths of
both three-layer ventilation barriers are closely related to the
bandgaps of the unit cells with different values of a and w (as
shown in Fig. 6) and sound scattering and reflection between
the adjacent barriers. Thus, we can effectively optimize the
bandwidth of the designed ventilation barrier by using multi-
layer systems.

5. Conclusions

In this work, we have designed and demonstrated an ultra-
broadband acoustic ventilation barrier. By designing a single-
layer ventilation barrier, we can observe a broadband sound
reduction with the working bandwidth of 1560 Hz, which is
attributed to the multiple mechanism, such as the sound ab-
sorption caused by the eigenmodes of the unit cell and the
sound reflection by the plate structure on upper surface of the
unit cell. Additionally, we study the sound-reduction perfor-
mances of the unit cell by adjusting the parameters a and w.
As aresult, we design two types of three-layer ventilation bar-
riers composed of the unit cells with different values of a and

w, which can achieve the ultra-broadband characteristics with
the working bandwidths of 3160 Hz and 3230 Hz, respectively.
The performances of these ventilation barriers are verified by
experimental measurements. The proposed ventilation barri-
ers with ultra-broadband sound reduction have a great poten-
tial in environmental protection and architectural acoustics.
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