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We demonstrate a duct muffler design that operates in the low-frequency
range (<2000 Hz). The device contained a pair of coupled annular Helmholtz
resonators (HRs) and porous material stuffing. HRs were installed as side
branches of a circular tube to avoid affecting the ventilation. Porous
materials were employed to form an asymmetric intrinsic loss in the HR pair
and enable the device to achieve perfect sound absorption. An analytical model
based on the temporal coupled-mode theory was derived, and a numerical
simulation technique for structural design was introduced and verified. The
experimental study demonstrated the effectiveness of the design methodology
and illustrated that the device can achieve near-perfect sound absorption in the
desired frequency range. A symmetrical configuration of the HRs also
experimentally proved to be able to conduct sound absorption for sound
incident from both sides of the duct. This study provides a solid foundation
for the application of the designed muffler and an analytical explanation of the
corresponding sound absorption mechanisms.
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Introduction

The absorption and isolation of acoustic waves have been a challenging topic in both
engineering and academic fields because of their strong penetration capability granted by
the long wavelength. The emergence of acoustic phononic crystals (APC) has provided a
pathway for acoustic wave manipulation through Bragg scattering caused by artificially
designed periodic structures (Kushwaha et al., 1993; Sigalas and Economou, 1993).
Therefore, APC can form unique band structures that attenuate or encourage the
propagation of the corresponding acoustic waves. However, a large device scale is
required for low-frequency waves because the lattice constant should be on the same
scale as the manipulated wavelength (Huang et al., 2019). In recent decades, acoustic
metamaterials (AMMSs) that can generate bandgaps based on the local resonant
phenomenon have been considered as a promising solution for sound absorption in
the low-frequency regime (Cummer et al., 2016; Ma and Sheng, 2016; Fan et al., 2021).
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The lattice constant of the AMMs can be deep subwavelength
because of the local resonance mechanism, and therefore reveals
obvious advantages in the low-frequency acoustic field (Liu et al.,
2000). Various AMMS structures have been proposed to achieve
acoustic wave manipulation or absorption functions, including a
Helmbholtz resonator (HR) (Kim et al., 2006; Jimenez et al., 2017;
Shao et al, 2020; Ma et al, 2022), membrane-type acoustic
metamaterial (MAM) (Mei et al.,, 2012; Ma et al.,, 2013; Yang
et al.,, 2016), metasurface (Li et al., 2017; Chen et al., 2019; Liu
et al., 2021), and acoustic black hole (ABH) (Zhao et al., 2014;
Pelat et al., 2020; Gao et al., 2021).

Different sound absorbers have been investigated to achieve
perfect absorption (PA) of sound waves that propagate in diverse
situations. Satisfying the critical coupling mechanism, in which
the absorber impedance matches the impedance of the
surrounding medium, is a compulsory condition for achieving
maximum absorption performance (Merkel et al., 2015; Li and
Assouar, 2016). However, earlier research has indicated that a
single absorber can only achieve 50% absorption, even when the
critical coupling mechanism is satisfied (Wu et al,, 2018). To
overcome this limitation, several solutions have been proposed
and investigated. The first is to equip ancillary reflectors for
absorbers (Ma et al,, 2014; Lee et al,, 2019). The wave passing
through the absorber is reflected to the absorbers repeatedly such
that it can achieve near pA. However, the utilisation of reflectors
will also block the flow of fluids, such as air and water, making it
impractical for some applications, especially under ventilation
conditions. To avoid the use of reflectors and allow ventilation,
the second solution is to use a coherent perfect absorption (CPA)
mechanism (Wei et al., 2014). It requires an extra incident wave
with properties that are precisely and dynamically controlled as
the counterpart of the incident wave (Meng et al, 2017).
However, thefulfillmentt of such requirements in applications
is critical because it requires an extra wave-generating and
detecting system.

The use of Fabry-Perot resonators (FPRs) is another solution
that has been proposed to conduct sound absorption under the
ventilation condition (Li and Assouar, 2016). FPRs use coiling-up
channels to dissipate the incident acoustic wave energy through
the visco-thermal effect at the air-channel wall interface (Huang
et al., 2018). Kumar and Lee (Kumar and Lee, 2020) introduced a
labyrinthine acoustic metastructure that can conduct broad
sound absorption under ventilation conditions. In addition,
the use of degenerate resonators has been proven to be
effective in ventilation sound absorption. The scattering
cancellation of the monopole and dipole modes leads to the
total absorption of the incident acoustic waves (Dong et al,
2021). Based on this mechanism, Yang et al (Yang et al., 2015a)
presented an MAM with degenerate resonators capable of
absorbing sound incidents from both sides of a duct.
Similarly, Wu et al (Wu et al, 2018) designed a ventilated
absorber comprising two weakly coupled tube resonators that
can perfectly absorb low-frequency (<400 Hz) sound incident
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from both sides of a duct. The ultra-open design proposed by
Xiang et al (Xiang et al., 2020) can maintain good ventilation
while achieving sound absorption. The operating frequency can
also be customized by stacking units with different geometric
dimensions. However, the abovementioned designs require the
absorber structure to be inserted within the duct, and thus they
will change the cross-sectional configuration, affecting the
ventilation status.

An HR structure, which is normally formed by a relatively
narrow neck connected to a cavity, is widely used for sound
absorption application. The structure can be considered a spring-
mass system. The neck domain air is equivalent to the mass and
the air in the cavity functions as the spring. When imposing
waves in the resonant frequency on an HR, fierce air vibration is
excited and friction of fast airflow in the aperture will lead to
frictional dissipation of wave energy. Detuned HR pairs equipped
as duct branches can achieve near PA without hindering
ventilation (Long et al, 2017). The HR pairs for the PA
consist of a highly dissipative resonator, the absorber, and a
reflector. The reflector, whose impedance is much less than the
surrounding medium impedance, is equivalent to a soft acoustic
boundary, and thus prevents the wave from transmitting by
reflecting the incident wave. Long et al (Long et al, 2020)
and high
dissipation by carefully adjusting the dimensions of the cavity

proposed HR designs with weak damping
and neck of the HRs, respectively. Another approach for tuning
dissipation is to employ porous materials. Lee et al (Lee et al.,
2020) introduced an annular HR pair that can achieve a near PA
in the duct. To increase the intrinsic loss, the absorber upstream
(near the incident side) is applied with porous material at the
neck area, where the wave energy is concentrated. Meanwhile, the
downstream one was highly reflective. Such a design causes the
HR pair to have highly asymmetric intrinsic losses and thus
achieve efficient sound absorption.

However, these HR pair designs require both HRs to possess
the same or similar resonant frequencies while ensuring the
asymmetric intrinsic loss condition. When searching for the
asymmetric intrinsic loss, a repetitive parameter adjustment
process is expected, and the resonance frequencies of the two
HRs must also be considered. Therefore, continuous operational
tuning is difficult to achieve. In addition, even though porous
materials were combined with HR structures in some previous
studies (Ma et al., 2014; Lee et al, 2019), filling the cavity of
annular HR with porous materials has not been investigated
before.

In this study, we introduce a duct muffler design that can
achieve near-perfect absorption (>90%) in a duct system while
avoiding hindering ventilation. Porous materials are introduced
into one of the muffler cavities and impedance matching/
mismatching is formed. The detailed properties of the porous
material are presented. An analytical model for the designed HR
structures was developed based on temporal coupled-mode
theory (TCMT). The degeneracy of the two HRs and the
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FIGURE 1

Schematic of a duct system side-coupled with double HRs. The double annular HRs are installed in a duct with sound wave incident from one
side. The upstream resonator close to the sound incident side is stuffed with porous material.

corresponding acoustic wave counteracting performance can be
effectively depicted using the coupled mode. The structure can
also be adjusted to achieve sound absorption for waves incident
on both sides. The insertion of a porous material decreases the
requirement for accuracy in geometry parameter selection and
allows continuous operation frequency adjustment.

Theoretical model and structure
design

To illustrate the physical mechanism of the coupled HR
muffler, we depict its structure using the TCMT model. The
configuration and physical model of the designed muffler is
illustrated in Figure 1.

In this model, the fundamental resonance mode ¢, of the
absorber and ¢, of the reflector are coupled with the two-port
duct. The resonators were side-coupled with the duct. The
distance between the two resonators L =14 is compulsory,
where A is the corresponding wavelength of the resonant
frequency; therefore, the direct coupling between the two
modes can be assumed to be weak. The coupling equations
can then be described as

d 1 1 1 1
{%:(im_———>%+ Sie + s (1)

Toa TeA TeAl TeA2
dog ( 11 > 1 1
—==|iwg - ——-— + 4—S3: + \[—54 (2)
{ dt Tor  Ter Pz Teri Tera

S1- =S = \[T9, (3)

S$3- =S4 — \|[T—Pr (5)
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Here, sy and s;- (i =1,2,3,4) are the amplitudes of the
incoming and outgoing waves of the resonators, respectively, and
w4 and wg are the resonant frequencies of the absorber and
reflector, respectively. % and i ( ﬁ and é) are the intrinsic loss
and leakage rates of the absorber (reflector), respectively. For side
coupling, one can have t+ le =% (Manolatou et al., 1999).
Subscripts 1 and 2 represent the leakage toward the left and right
sides of the duct, respectively. The coupling between waves and
resonant modes is merely related to the leakage rate of the
resonator; therefore, the coupling parameter is given as \/Tlﬂ
(Manolatou et al.,, 1999). We define s, = 0 for a single-sided
incident.

In addition, because the distance between the two resonators
is not negligible, a phase difference exists between the outgoing
(incoming) waves of the absorber and the incoming (outgoing)
waves of the reflector. According to the transfer matrix method
utilized in common acoustic waveguides, the relation can be

described as (Cai and Mak, 2018):
{32— = 53+e"kl (7)

{52+ = Sa—e_ikl (8)

where k = ZA—”
From Egs 1, 2, according to TCMT (Manolatou et al., 1999),
we can derive

ﬁ (s1+ +524)

S L 9

Pa i(w—wA)+TDLA+TC%A ©)

\/%(53++54+) (10)

= Y= - 10
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Substituting Eq. 9 into Eq. 4:
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Similarly, substituting Eq. 10 into Eqs 5, 6 yields

_ 1
S5 =——F (12)
{3 z(w—wR)+$+$3+
1
S3o=——E g, (13)
{ i(w— wg)+ i
For simplicity, we defined A =i(w-ws)+ % + i and
R=i(w-wg) + # + % Therefore, Eqs 12, 13 are
transformed to
R
{S3+ =15 (14)
TeR
_1
S3. = — R g, 15
{ 3 R _ # 4- ( )

Substituting Eqs 7, 8, 14, 15 into Eq. 11, and with some
derivation, we can obtain the transmission coefficient ¢ as

se_ (A-2)(R-3)
s~ AReH — L Lol

TeA TeR

t= (16)

With similar derivation steps, the reflection coefficient r can be
obtained as:

B Gt K
" A(ARGN - L L) A 17

The absorption can be obtained using A = 1 — I7]? = |¢|*. The
TCMT formalism enables a precise description of the acoustic
performance of two HR combinations with different intrinsic
losses and leakage rates. The parameters were numerically
determined.

In a two-port system, the maximum absorption A of a single
resonator can only reach 50% (Yang et al., 2015b). With the
reflector involved, asymmetric perfect absorption can be
achieved because this combination allows the radiated wave
from the resonator to be canceled by the reflected wave from
the reflector. A quarter-wavelength distance (L = A/4) of the
placement was required for the phase inversion of the
reflected wave. Therefore, two annular HR combinations were
employed and side-coupled to a duct. As shown in Figure 1,
annular HRs are installed on the side of the duct to avoid
interference with ventilation. The length and width of the HR
cavity and neck are denoted by w, h, a and b respectively. The
duct diameter was defined as D = 100 mm. The distance between
the two HRs is denoted as L. The porous material is inserted into
the upstream HR cavity to increase its intrinsic loss, while the
downstream one is kept empty to achieve high reflection.

A numerical simulation technique was utilized to assist in
fulfilling the critical coupling conditions. The eigenfrequency
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study of COMSOL Multiphysics software

eigenfrequencies of the HR structure in the form of a complex

provides

number: w = w, + jw;. The imaginary part w; of the complex
represents the energy-dissipation rate of the model.

In practice, the energy dissipation of HR structures includes
the leakage rate (4) and intrinsic loss (y). However, in the
simulation process, the manipulation of the physical fields is
allowed. Therefore, the leakage rate and intrinsic loss can be
determined by varying the physical field settings during the
simulation process.

When only the pressure acoustic physics field is applied, y,
which is dominantly caused by air friction in the neck area, is
neglected. Therefore, the corresponding imaginary part w;; of the
eigenfrequency is solely indicating y. To include y, the
thermoviscous acoustic field must be employed in the neck
area of the model, and the imaginary part w;; comprises both
y and p. The difference between w;; and wj, represents the newly
added y. Furthermore, when the porous material was inserted
into the cavity, the intrinsic loss increased significantly. As a
result, the intrinsic loss part in w;3 is multiplied and turns the HR
into a high dissipation state. To achieve full reflection, the
intrinsic loss should ideally be zero to avoid the conversion of
wave energy to thermal energy. Therefore, a high reflection
coefficient can be expected when w; = w;, is satisfied. In
addition, for the absorber, w;; ~ 2w;; demonstrates that the
intrinsic loss caused by friction and porous material insertion
is equal to the leakage rate, and hence, the satisfaction of critical
coupling.

Through simulation, it was found that the insertion of a
porous material in the HR cavity can directly convert most of the
HR into the absorption state. Thus, HRs targeting different
frequencies can be converted to absorbers using porous
materials and can be used as reflectors when cavities remain
empty. Such convenience frees the design process from the
to find
absorption mode while considering the operation frequencies.

trouble of tuning geometrical parameters an

Results and discussions

Numerical simulations and analytical modeling were
conducted to examine the acoustic performance of the
designed muffler structure. Because the geometrical dimension
is closely related to the acoustic performance, three sets of HR
geometrical parameters, which lead to a relatively high reflection
capability, were selected. Each set targets a different sound-
absorption frequency. A numerical simulation model was
constructed using a 2D symmetric model in COMSOL
Multiphysics.

In the model, a perfectly matched layer condition was defined
at both ends of the tube, and the background pressure field was
used to generate an incident plane wave on the absorber side of
the tube. A thermoviscous field was applied to the necks of the
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TABLE 1 Design parameters of the HRs targeting different frequencies.

w (mm) D (mm) D’ (mm) 1.Lossless (Hz) 2.Lossy (Hz) 3.Porous (Hz)

HR1 15 74 96 1,176.2 + 226.7i 1,127.9 + 239.9i 900.7 + 365.4i
HR2 25 91 116 940.9 + 251.6i 897.6 + 264.2i 731.2 + 711.0i
HR3 40 116 137 740.57 + 263.0i 708.5 + 253.4i 625.4 + 503.81
TABLE 2 Property parameters of the porous material melamine foam (Yang et al., 2015b).

Viscous characteristic Thermal characteristic Porosity Flow resistivity Tortuosity

length (um) length (um)
Melamine foam 213 425 0.993 13,100 Pa - sm 1.0053

5 cartien of
200 600 1000 1400 1800 200 600 1000 1400 1800 200 600 1000 1400 1800
Frequency (Hz) Frequency (Hz) Frequency (Hz)

950Hz 1

oaf Yoz —A7

gOD 600 - 1000 1400 1800 200 600 1000 1400 1800 gDU 600 1000 1400 1800
Frequency (Hz) Frequency (Hz) Frequency (Hz)
HRI1 HR2 HR3
FIGURE 2
(A) Acoustic spectrum for HR; performing as absorbers, with the parameters: T = 820, 850, 850; \— = 2 110, 1,450, 1,490; wo_, a, =890 Hz,

735Hz, 585Hz; (B) acoustic spectrum for HR1-3 performing as reflectors, with the parameters defined as: =1410,1420,1490; =105,100,100;
and wo_si = 890 Hz, 735Hz, 585Hz. The dashed lines indicate numerical simulation results. The black, red_and blue colors, respect\vely show the
absorption, reflection, and transmission coefficient.

HRs, and a poroacoustic field was employed in the cavity of the width of the neck were defined as @ = 3 mm and b = 5mm,
absorber to simulate the effect of the porous material. The mesh respectively. The other detailed parameters of the HRs and
size was defined to ensure that there were at least six elements at corresponding eigenfrequencies under various physical field
the smallest wavelength. To simplify the design process, neck settings in COMSOL Multiphysics are presented in Table 1.
lengths a and width b were kept unchanged. The constant The widths of the cavities were defined differently to adjust the
parameter setting helps maintain a relatively stable bandwidth resonant frequencies. As shown in the table, the eigenfrequencies
when tuning the operation frequencies (Wu et al.,, 2018). In all satisfy wi1 =~ wip = %w,g. In addition, the distance between the
three cases, the height of cavity # was 40 mm, and the length and reflector and absorber D was defined in accordance with the

Fro
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Experiment setup

Side view

FIGURE 3

10.3389/fmats.2022.991959

(A) Front and side view photograph of the muffler prototype manufactured by using the HR1 geometrical parameters. Porous material is cut as
cyclic annular and put into the left HR cavity. (B) Experiment setting of the prototype.

operating frequency of the absorber. The porous material was
simulated by utilizing a porous media domain with the Johnson-
Champoux-Allard (JCA) model (Kino, 2015). In the JCA model,
five parameters are needed for the calculation of porous
material’s acoustic performance: porosity, flow resistivity,
tortuosity, viscous characteristic length, and thermal
characteristics length. With these parameters, the surface
impedance of the porous material can be obtained and allows
the acoustic performance of the proposed muffler to be
calculated. Melamine foam was selected as the filler, and its
relevant material properties are listed in Table 2. First, to verify
the acoustic performance of single resonators, the numerically
calculated acoustic performance spectra (denoted by subscript
“s”) of single HR1-3 absorbers and reflectors side-coupled to the
duct were compared with the results obtained through the

« »

analytical model (denoted by subscript “a”), as shown in
Figure 2. The analytical curves were obtained using Eqs 16,
17. The numerical results were in good agreement with the
analytical calculation results. For HRI, the single absorber
(T:m =2,110, Tnim = 820, and wy_o = 890 Hz) can achieve
near 50% absorption at the resonant frequencies, as shown in

the figure, while the reflector (%l =1,410, -1

To_r1

=105,and wg_,1 =
1,170 Hz) can achieve near total reflection. When porous
material is inserted into the cavity, damping is enhanced
significantly. Consequently, even with the same geometric
dimensions, the absorption frequencies are shifted lower than
the corresponding reflection frequencies. Otherwise, the wave
dissipation caused by the air damping effect leads to sound
absorption in the reflectors, thus hindering the achievement of
total reflection. Similar phenomena were also observed for
HR2 and HR3.

Deviations were observed between the analytical and
This attributed to the
assumption that only the dominant resonant mode is
the but

numerical results. difference is

considered in analytical model, higher-order
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resonance is also included in the simulation. In addition, the
coupling of the two resonant modes was assumed to be weak and
thus neglected in the analytical model.

The acoustic performance of the absorber and reflector
combination was then explored experimentally for comparison
with the simulation and numerical results. Prototypes were
fabricated by additive manufacturing. Each prototype was
designed to consist of three parts, by which the annular
porous material could be conveniently inserted into the cavity.
A photograph of the HR1 prototype is shown in Figure 3A. The
parts were connected using screw bolts and nuts, and melamine
foam was chosen as the porous material. Extra testing was
conducted to ensure that the melamine foam samples had
similar properties, as described in Table 2. The experimental
setup is illustrated in Figure 3B. The prototype was tested by
using a circular impedance tube (Fantwave F-Tube C). A
standard four-microphone method was implemented to obtain
the transmission, reflection, and absorption coefficients. The
diameter of the tube was 100 mm, and the cut-off frequency
was approximately 1800 Hz.

« >

For HR1, the measured results (denoted by subscript “e”) are
presented in Figure 4A and are compared with the analytical and
numerical results. The prototype revealed a maximum
absorption of 95.6%, which was slightly larger than the 94.6%
predicted in the simulation. The designed structure can achieve
above 90% absorption at a 195 Hz width, from approximately
1,122 Hz-1,314 Hz. The experimental results were mostly
consistent with the simulation, except that the maximum
sound absorption frequency was approximately 80 Hz higher
than that of the simulation. This deviation was mainly attributed
to the geometrical error of the sample. The 3D printed epoxy
material shrinks slightly after cooling and will therefore lead to
unpredictable geometrical differences. The corresponding
parameters in the analytical model are defined as: ﬁ = 450,
L = 1,410, Tclj = 1,510, ﬁ = 105. According to the

To_al

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.991959

Gao et al.

10.3389/fmats.2022.991959

0
1800 200 600

1400
Frequency (Hz)

0
200 600 1000

FIGURE 4

1000
Frequency (Hz)

[
1400 1800 200 600 1000

Frequency (Hz)

1400 1800
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respectively.

A B
—
Background
Pressure
Source .i
PML I
1130Hz 920Hz

FIGURE 5

L

X

C

. 90 90
80 80
70 70
60 60
50 50
40 40
30 30
20 20
10 10

750Hz2 Sound pressure level:

dB

SPL map of ventilation duct when incident wave is in the resonant frequency of: (A) HR1; (B) HR2 and (C) HR3.

parameters, the leakage rate of the reflector is slightly smaller
than the intrinsic loss; therefore, the critical coupling effect is not
strictly fulfilled, and the PA is not fully achieved.

In addition, the analytically predicted absorption is
relatively lower than the measured absorption because of the
air damping effect. The coupling of both resonators changes the
resonance properties, and thus the parameters of each resonator
are different from those first investigated in the uncoupled
model.

Simulation and experimental results of HR2 and HR3 are
shown in Figures 4B,C, respectively. For HR2, the numerical
calculated and measured results reveal that above 90%
absorption can be achieved in the frequency range of
790-1,010 Hz and 920-1,082 Hz,
the absorption frequency ranges of HR3 in simulation and

respectively. Meanwhile,

Frontiers in Materials
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TABLE 3 Analytical parameter of the combined HR pairs.

1 1 1 1
To_a Te_a To_r Te_r o (Hz) w, (Hz)

HR1 1,410 450 105 1,510 994 1,142

HR2 1,510 500 550 1,550 850 920

HR3 1,550 550 110 1,510 700 750

experiment are 605-825 Hz and 774-912 Hz, respectively. The
measured data are approximately 100 Hz higher than the
simulation results, yet the tendency and shape of the curves
are the most consistent. These results indicate that the designed
muffler structure can provide near-perfect absorption in the
desired frequency range. The sound pressure level (SPL) of a

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.991959

Gao et al.

10.3389/fmats.2022.991959

FIGURE 6

Frequency (Hz)

(A) Photograph of the muffler prototype with 3 HR units. The absorbers are allocated on both sides of the reflector HR. (B) Simulation and

experiment results of the 3 HR units muffler.

duct installed with the proposed muffler is numerically
investigated. For HR1—HR3, the SPL maps when incident
waves are in the corresponding resonant frequencies are
shown in Figure 5. According to the figure, one can find that
the pressure is accumulated within the HR cavity. The SPL in
the lower part of the duct is relatively low, indicating that the
sound pressure is mostly attenuated. Table 3 lists the detailed
analytical parameters and corresponding resonant frequencies
for the three HR cases.

Videos that reveal the sound absorption capability of HR1 in
operation frequencies and ventilation status before and after the
installation of the mufflers are recorded and provided in the
Supplementary Material. The ventilation performance testing
system comprised a pipeline blower, polyvinyl chloride (PVC)
tubes, and designed annular HRs. The blower was installed on
one port of the pipe system, and an air meter/sound level meter
was used to test the transmitted flow speed/sound level on the
other port. When the muffler was dismounted, it was replaced by
a PVC tube with the same effective length to maintain the total
duct length.

In the ventilation duct, the grazing flow can change the flow
resistance of the perforated surface and the acoustic
performance of the HR structures. However, the flow
resistance is proportional to the flow’s Mach number (Wang
et al.,, 2021), and a short neck length weakens the impact of
grazing flow (Wu et al., 2019). The Mach number of the flow
speed (about 7.1 m/s) in the ventilation test was approximately
0.02, and the neck length was small. Therefore, the effect of the
grazing flow was neglected in this study. We then considered a
structure with lossy resonators on both sides of the reflector
unit. The configuration and a photograph of the prototype are
shown in Figure 6A. Such a structural design allows the muffler
to conduct sound absorption for waves incident from both sides
of the tube and thus brings better feasibility in actual
applications. In addition, the use of an extra absorber leads
to an increase in absorption bandwidth. The test results are
presented in Figure 6B. The experimental results are consistent
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with the simulation, except that the absorption bandwidth is
broader than predicted. The roughness of the 3D printed
sample is not carefully controlled during the manufacturing
process and will therefore cause unexpected friction and
broaden the bandwidth.

The measured results indicate that the prototype can achieve
sound absorption above 90% in the frequency range of
948-1,338 Hz (in simulation: 935-1,200 Hz). The measured
bandwidth was 390 Hz, which is approximately 100% larger
than that of the muffler with only one absorber.

Conclusion

We proposed a muffler design consisting of two coupled HR
for sound absorption in a two-port ventilation system. The cross-
section of the circular tube was not transformed after the
installation of the designed muffler to avoid hindering
ventilation. An analytical model based on TCMT was
developed and verified. A convenient numerical method is
introduced to assist in the design of the muffler.

An experimental study was conducted, and the results
were verified using analytical and numerical results. The
measured results show that the proposed muffler can
achieve near-perfect sound absorption in a duct system
while maintaining itself on a subwavelength scale. The
symmetry allocation of the absorber resonator was also
investigated to achieve an absorbing sound incident from
both sides of the ventilation tube. The use of an extra
absorber has been experimentally proven to result in a
broader sound absorption bandwidth.

We believe that such a design mechanism and muffler
structure provide a promising solution for sound absorption
and noise reduction applications under ventilation conditions.
The absorption operation frequency can be effectively tuned by
adjusting the geometrical parameters of the HR structure and is
thus suitable for different application scenarios.
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