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Ventilation structures supported by the Fano-like interference can act as high-performance sound silencers, 
yet the bandwidth gets limited eventually by coexisting resonant transmission. In this work, we focus on the 
space-coiling ventilation structure, and overcome the limitation by introducing a cylindrical shell made of 
microperforated panels (MPPs) in between the channel and ventilation pipe. The underlying mechanism is due 
to the resonance-induced field intensity enhancement within coiling channels, which can produce a significant 
pressure difference on both sides of the MPP to damp resonant acoustic transmission. Based on this behavior, 
broadband sound reduction with the bandwidth exceeding an octave can be achieved when two such structural 
elements are cascaded. Enhanced acoustic damping by MPPs and broadband sound reduction in bi-cell structures 
are numerically analyzed and validated experimentally.

1. Introduction

Recently, there is a growing interest in achieving broadband sound 
attenuation by structured materials with air ventilation. Ventilation 
sound barriers can be configured via sonic crystals with the periodi

cal arrangement of cell structures to block sounds by Bragg or local

resonance scatterings [1,2]. Another widely explored model consists of 
a duct or pipe with side-loaded or embedded structures for either sound 
absorption or reflection [3--5]. The ducts with side Helmholtz or Fabry

Pérot resonators, also known as duct silencers, can dissipate sounds in 
narrow bands near resonant frequencies [6--8]. By assembling multiple 
element structures, a broadband absorption and attenuation for sounds 
can be achieved [9,10]. The duct silencer allows a high-e˙iciency air 
ventilation, yet the side branch occupies an additional expansion vol

ume outside of the duct, which is bulky at low operation frequencies.

The model with absorptive resonators embedded within the duct is 
required in some practical applications [11--15]. There is a trade-off be

tween the ventilation efficiency and noise reduction bandwidth for this 
duct-borne model. A simple yet efficient configuration is to couple a 
space-coiling channel with a straight one, which can produce a low

transmission band due to the Fano resonance [16--19]. The synergy of 
mode superposition and Fano resonances can yield an enhancement of 
operation bandwidth up to half an octave [20]. It becomes challeng
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ing to further broaden the isolation band as there always exists the 
resonance-induced high transmission outside of the sound transmission 
valley.

Microperforated panel (MPP) is an essential structured material 
widely used for sound absorption and attenuation. MPPs can be em

ployed for noise reduction control in various circumstances. The MPP 
with a backing cavity can act as the resonance-type sound absorber. 
Low-frequency sound absorption can be improved by coupling the MPP 
with the coiled-up channel [21] or Helmholtz resonator [22]. Absorp

tion bandwidth can be enhanced in a double-layer MPP system with par

allel or cascading arrangements [23--25]. Sound isolation performance 
of expansion chambers can be improved by the built-in MPP [26]. The 
cavity-backed MPPs facing the duct wall can absorb sounds from the 
grazing direction [27--29]. Flat MPPs rolled into a cylindrical shell can 
act as the unit cell of sonic crystals for acoustic attenuation [30--32]. 
MPPs can be also used to suppress the interior resonance response of 
acoustic enclosure systems [33,34].

In this work, we propose to suppress the resonant transmission of 
in-duct space-coiling structures by introducing a cylindrical MPP shell, 
which is added in between the coiling channel and straight one. Sound 
absorption at resonant frequencies can be enhanced with the presence 
of MPPs, leading to the reduction of resonant transmission, as will be 
validated numerically and experimentally. It is further found that broad
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Fig. 1. Schematic illustration of the proposed ventilation structure consisting 
of three helical channels coiled up around a straight pipe subject to a plane 
wave incidence, where the MPP shell is placed between the helical channel and 
straight pipe.

band sound reduction can be realized when two such structural elements 
are cascaded. The influences of structural parameters on the sound iso

lation behavior are analyzed to reveal the superior performance of the 
MPP-assisted structure.

2. Model and results

2.1. Ventilated structures with MPP shells

The ventilation structure consists of three helical channels coiled 
up around a straight pipe, where a micro-perforated cylindrical shell 
is placed between the channel and pipe, as shown in Fig. 1. Adjacent 
helical channels are separated by a spiral blade with the geometry de

fined by 𝑥 = 𝑟 cos(𝜓), 𝑦 = 𝑟 sin(𝜓), and 𝑧 = 𝜓𝑃∕(2𝜋), 𝑟 ∈ [𝑟1, 𝑟2], and 
𝜓 ∈ [0,2𝜋𝐷∕𝑃 ], where 𝐷 and 𝑃 are respectively the thickness and pitch 
of the helical channel, and 𝑟1, 𝑟2 refers to its inner and outer radius. The 
cylindrical shell is made of the MPP of thickness 𝑡, where arrays of sub

millimetric orifices of diameter 𝑑0 are distributed in a square lattice of 
periodicity 𝑢 and v with the porosity 𝜎 = 𝜋𝑑20∕(4𝑢v).

Consider a plane acoustic wave normally incident on the ventilation 
structure. Geometric parameters are chosen as 𝑟1=20 mm, 𝑟2=50 mm, 
𝐷=40 mm, 𝑃=35 mm for the helical channel, and 𝑡=1 mm, 𝑑0=0.17 
mm, 𝑢=1.9 mm, 𝑣=1.85 mm for the MPP shell, which yields the poros

ity 𝜎=0.65%. Numerical simulation is based on the pressure acoustics 
module of the finite element software COMSOL Multiphysics. The cylin

drical surface of the waveguide system is set as the hard boundary, and 
two end ports are terminated by the non-reflection boundary. The struc

ture system is meshed with the tetrahedral element, and the maximum 
size of elements is less than 1/20 of the minimum wavelength. The MPP 
is modeled by an acoustic impedance with the formula proposed by 
Maa [35]

𝑍 = 32𝜇𝑡
𝜎𝑑20

(
1 + 𝑥2

32

)1∕2
+ 𝑖𝜔𝜌0𝑡

[
1 +

(
9 + 𝑥2

2 

)−1∕2
]

(1)

where 𝜇 = 1.81×10−5 Pa⋅s is the air dynamic viscosity, 𝜔 is the angular 
frequency, 𝑖 is the imaginary unit, and 𝑥 = 𝑑0

√
𝜌0𝜔∕𝜇∕2. The density 

𝜌0 and sound velocity 𝑐0 are taken as 1.21 kg/m3 and 343 m/s, respec

tively. Assume that the channel and pipe are free of air viscous loss to 
evaluate purely the impact of the MPP damping performance. Fig. 2(a) 
shows by the dashed line the simulation result of acoustic energy trans

mission of the unperforated structure. The Fano-like interference can 
lead to the low-transmission phenomenon in a finite band, which has 
been widely exploited to design sound insulation structures [36--38]. 
However, the band is sandwiched between two transmission peaks at 
845 Hz and 1720 Hz, which defines the range of operation frequencies 
for sound isolation. Further broadening of the sound isolation band

width requires the suppression of resonant transmission. High trans

mission at these two frequencies arises from the dipole and monopole 
resonances of the helical structure, and results in the significant pressure 
difference between the coiling channel and straight pipe, as seen in the 
inset of Fig. 2(a). Based on this observation, we replace the cylindrical 

Fig. 2. (a) Acoustic energy transmission, (b) reflection and (c) absorption of 
ventilation structures in both perforated and unperforated cases.

Fig. 3. Normalized acoustic pressure amplitude on the coiling-channel and 
straight-pipe sides of the MPP along the helical paths at frequencies (a) 895 
Hz and (b) 1725 Hz.

shell with the MPP, which could be fully activated by the pressure gra

dient to absorb impinging sounds. This is the basic idea of the proposed 
structure to suppress the resonant transmission.

Figs. 2(a-c) show by the solid line acoustic energy transmission, re

flection and absorption of the ventilation structure equipped with the 
MPP shell, respectively. Due to the action of MPPs, acoustic absorption 
at resonant frequencies can be significantly enhanced, leading to the re

duction of resonant transmission. To verify the working mechanism of 
the MPP shell, Figs. 3(a, b) show the pressure amplitude distribution 
(normalized with respect to the incident one) on both sides of the MPP 
along the helical paths at frequencies 895 Hz and 1725 Hz, respectively. 
The field distribution is nearly uniform in the straight pipe region, while 
an enhancement of pressure amplitudes due to the resonance effect can 
be observed within the coiling channel. As a result, a high pressure con

trast across the shell is formed and induces the air friction loss in micro 
holes for sound damping.

2.2. Experimental analyses

In experiment, the coiling-channel structure is fabricated using Acry

lonitrile Butadiene Styrene (ABS) by 3D printing. The MPP shell is made 
of the SUS304 steel plate with cores punched by laser processing. The 
sample is installed by assembling the channel structure and MPP shell, 
as shown in Fig. 4(a). The model structure without micro holes is also 
fabricated by 3D printing for comparison study. Acoustic properties are 
measured by the Brüel & Kjær 4206T impedance tube system. Figs. 4(b
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Fig. 4. (a) Photograph of the fabricated sample with the MPP shell; Simulation 
and experimental results of (b) acoustic energy transmission, (c) reflection and 
(d) absorption of the coiling-channel structure with and without MPP shells.

d) show respectively the measured sound transmission, reflection and 
absorption for the model system studied in Fig. 2. Experimental results 
disclose that there exists inherent sound damping within channeling 
structures, which arises from the thermoviscous loss due to the narrow

channel effect. In numerical simulations, this intrinsic damping is mod

eled by involving the complex sound velocity 343(1 + 0.02𝑖) m/s in the 
air domain. The simulation results are presented in Fig. 4(b-d), and show 
a good agreement with experimental results. In the presence of the MPP, 
the damping performance is strengthened near resonant frequencies, 
and causes the significant reduction of resonant sound transmission. The 
magnitude and frequency bandwidth of sound reduction can be further 
improved when two such cell structures are coupled as demonstrated 
later.

Air flow measurement in a cylindrical waveguide is conducted to 
assess the ventilation performance of the sample structure as shown 
in Fig. 5(a). An electric fan is placed at the inlet port of the waveg

uide to provide a stable wind flow. The air flow velocity at the outlet is 
measured by an anemometer for samples with and without MPP shells, 
which are positioned in the central region of the waveguide. The wind 
velocity data in the absence and presence of the sample are recorded 
by taking the average of five times repeated measurements. Fig. 5(b) 
shows the ratio between the outlet wind speed of the sample and that of 
the empty waveguide, which characterizes the ventilation performance. 
The velocity ratio is 16.4% for the MPP structure, close to the percent

age of opening 14.4% for the straight channel, and is slightly lower than 
the velocity ratio 17.2% of the unperforated structure, indicating that 
the MPP shell has a weak influence over the ventilation performance.

2.3. Broadband sound reduction in bi-cell structures

Consider a composite structure made by cascading two cell structures 
with a separation 𝑊 , as sketched in Fig. 6(a). One cell structure is same 
to the model in Fig. 2 with the helical pitch 𝑃1=35 mm, and the corre

sponding sound transmission loss (STL) result is replotted in Fig. 6(b). 
The transmission reduction is up to 10 dB in the frequency range from 
958 Hz to 1635 Hz. Another cell structure is designed by just modify

ing the helical pitch as 𝑃=23 mm while maintaining other parameters 

Fig. 5. (a) Schematic diagram of the setup to measure the air flow performance; 
(b) The measured wind speeds with and without the sample and their fitting 
results.

Fig. 6. (a) Schematic of the bi-cell structure; Sound transmission loss (STL) of 
single cell structures with different pitch parameters (b) 𝑃1=35 mm and (c) 
𝑃2=23 mm in both perforated and unperforated cases.

unchanged. This would lead to the shifting of sound isolation band as 
shown in Fig. 6(c), where the STL exceeds 10 dB in the bands of 580

1055 Hz and 1632-2000 Hz. By choosing the separation 𝑊 =40 mm, 
Fig. 7 shows the simulation results of STL, sound reflection and absorp

tion of the bi-cell structure in both perforated and unperforated cases, 
where the thermoviscous damping within channels is not taken into ac

count. The MPP shell is found to play a central role in reducing acoustic 
resonant transmission near 904 Hz and 1590 Hz, realizing a broadband 
sound isolation at frequencies from 941 Hz to 2000 Hz with the STL 
over 20 dB.

To disclose the working mechanism of the MPP shell, Figs. 7(d, e) il
lustrate the pressure amplitude distributions at frequencies 904 Hz and 
1590 Hz, respectively. In the unperforated case, it is seen that high trans

mission at 904 Hz is caused by the inter-cell resonance, where a high 
intensity sound field is localized in the region between two cells. When 
the micro holes are added to the shell, sound energy is dissipated to in

duce a high sound absorption as seen in Fig. 7(c). This damping behavior 
can weaken the coupling resonance, and enhance the transmission loss. 
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Fig. 7. Simulation results of (a) STL, (b) reflection and (c) absorption coefficients of the bi-cell structure in both perforated (P) and unperforated (UnP) cases where 
the thermoviscous damping within channels is not taken into account; Pressure amplitude distributions at frequencies (d) 904 Hz, (e) 1590 Hz, and (f) 1672 Hz.

By contrast, the high transmission at 1590 Hz is due to the intra-cell 
resonance as observed in Fig. 7(e), where sound energy is localized pri

marily inside helical channels. Thereby, the MPP shell can significantly 
affect the resonant behavior with the result of the flattening of the STL 
spectrum. In Fig. 7(c), we can also observe a nearly perfect sound ab

sorption at around 1744 Hz. According to Figs. 6(b, c), the cell structure 
with 𝑃1 is characterized by the resonant effect near this frequency, while 
the structure with 𝑃2 has a high sound reflection. When two cell struc

tures are combined together, the structure with 𝑃2 serves as the sound 
blocking wall such that the waveguide structure behaves like the one

port system. Assisted by the resonant behavior, the MPP in the structure 
with 𝑃1 can be fully activated to damp sounds as evidenced by the pres

sure distribution in the inset of Fig. 7(c), thus leading to the high sound 
absorption at frequency 1744 Hz. On the other hand, we also exam

ine the weak transmission for the anti-resonance frequency 1672 Hz, 
at which the field distribution is shown in Fig. 7(f). Although the anti

resonance behavior is weakened by the MPP damping, the high STL can 
still be achieved near this frequency due to the joint action of sound 
absorption and reflection.

Experiments are performed to evaluate acoustic performance of the 
bi-cell structure. Figs. 8(a-c) show respectively experimental results of 
the STL, reflection and absorption of the bi-cell structure with and with

out MPP shells. Numerical simulations that account for the inherent 
damping are also performed, and the results are in accordance with ex

perimental ones. Notice that simulation results predict a high absorption 
peak at around 1750 Hz, but deviate from the experimental results. A 
potential reason for the discrepancy is that the Maa’s impedance model 
[35] used in the simulation for characterizing the MPP structure may not 
be accurate at relatively high frequencies above 1.5 kHz due to the near

field effect caused by shorter wavelengths, damping effect within the 
channels, and complex acoustic coupling across different length scales. 
In experiment, the bi-cell structure with the MPP exhibits the flattened 
absorption peak near resonant frequencies and the enhanced absorption 
at non-resonant frequencies, which are signatures of heavily damped 
systems. In addition, there is a considerable reflection of sound energy 
in the broad frequency range. As a result, a wideband sound reduction 
with the STL over 20 dB can be achieved at frequencies from 894 Hz to 
1800 Hz with the bandwidth exceeding an octave, which is superior to 
the unperforated structure.

Fig. 8. Simulation and experimental results of (a) STL, (b) reflection and (c) 
absorption coefficients of the bi-cell structure in both perforated (P) and unper

forated (UnP) cases where the thermoviscous damping within channels is taken 
into account in numerical simulation.

2.4. The influence of structural parameters

Parametric analyses are conducted below to illustrate the effect of 
the cell spacing 𝑊 , incident angle 𝜃, and MPP parameters (core diame

ter 𝑑0 and porosity 𝜎) based on numerical simulations that account for 
the intrinsic damping. Fig. 9(a) shows the spectrum of transmission re

duction for different 𝑊 , where the contour line of 20 dB is drawn to 
display the variation of the isolation bandwidth. Broadband reduction 
of sound transmission can be achieved in a moderate region of 𝑊 from 
10 mm to 70 mm. The high STL in a wide frequency band is caused 
by the strong reflection, and the MPP structure plays an important role 
in improving sound isolation at band-edge frequencies where acoustic 
reflection becomes weak, as shown in Figs. 9(c, e).

Applied Acoustics 235 (2025) 110676 

4 



Y. Zhang, L. Zhang, Y. Duan et al. 

Fig. 9. (a) The STL, (c) sound reflection and (e) absorption spectra for various 
cell spacing 𝑊 ; (b, d, f) The corresponding results for different incident angle 
𝜃.

Sound barriers are not just subject to normal incidence in practi

cal applications. Here, the sound blockage effect is studied in situations 
where a plane acoustic wave impinges the bi-cell structure at an oblique 
angle 𝜃. Figs. 9(b, d, f) show respectively the STL, sound reflection and 
absorption spectra for the incident angle 𝜃 changing from 0◦ to 80◦. 
The broadband behavior of sound isolation can be maintained, and the 
bandwidth has even been widened as 𝜃 increases. This is mostly because 
of the enlarged impedance contrasts at large 𝜃, which result in the en

hanced reflection in spite of the decrease of sound absorption.

Finally analyze the influence of two key MPP parameters, i.e., the 
core diameter and porosity. Fig. 10 shows the STL, sound reflection and 
absorption spectra against the variation of the core diameter 𝑑0 and 
porosity 𝜎. Notice that the core diameter 𝑑0=0.17 mm is fixed when 
the porosity 𝜎 is examined. Sound absorption results demonstrate the 
heavily damped nature at specific frequencies across a broad parameter 
range of 𝑑0 and 𝜎. By compensating for the weak sound reflection, this 
damping performance is crucial to the broadband sound attenuation, as 
displayed in Figs. 10(a, b).

3. Conclusions

Ventilation silencing structures consisting of helical channels coiled 
around a straight pipe with a MPP shell separation are proposed. 
The space-coiling structure supports a transmission valley because of 
the Fano-like interference, meanwhile the coexisting resonant acoustic 
transmission can be efficiently damped by the MPP shell, thus lifting the 
restriction to further broaden the isolation bandwidth. Based on this be

havior, two cell structures are coupled with the combined transmission 
valleys to acquire broadband sound reduction as validated numerically 
and experimentally. The sound transmission loss is over 20 dB in the fre

quency range 894-1800 Hz, superior to the unperforated system. Based 
on numerical simulations, the effects of the cell spacing, incident an

gle, and MPP parameters are analyzed to demonstrate the good sound 
isolation performance of the bi-cell structure. It is worth to note that 

Fig. 10. (a) The STL, (c) sound reflection and (e) absorption spectra for various 
core diameter 𝑑0; (b, d, f) The corresponding results for various core porosity 𝜎.

the non-local coupling is recently demonstrated to provide new degrees 
of freedom for the broadband acoustic control [39]. In our study, the 
MPP provides the coupling between the coiling and straight channels, 
and can be considered as the non-local interaction with strong damping. 
These studies highlight the importance of the non-local coupling in the 
design of broadband acoustic structures. The proposed model holds ap

plication potentials for duct-borne sound control in civil, transportation, 
and industrial engineering.
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