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Sound Absorption Enhancement by Thin Multi-Slit Hybrid Structures *
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We report an extraordinary sound absorption enhancement in low and intermediate frequencies achieved by a
thin multi-slit hybrid structure formed by incorporating micrometer scale micro-slits into a sub-millimeter scale
meso-slit matrix. Theoretical and numerical results reveal that this exotic phenomenon is attributed to the
noticeable velocity and temperature gradients induced at the junctures of the micro- and meso-slits, which cause
significant loss of sound energy as a result of viscous and thermal effects. It is demonstrated that the proposed
thin multi-slit hybrid structure with micro-scale configuration is capable of controling low frequency noise with
large wavelength, which is attractive for applications where the size and weight of a sound absorber are restricted.
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For passive noise control, single porosity porous
sound absorbing materials have been extensively
investigated.[1−3] However, recent studies show that,
due to the pressure diffusion effect,[4,5] double porosity
materials exhibit improved sound absorption perfor-
mance relative to single porosity ones. For instance,
Sgard et al.[6,7] used macro-perforations with scale of
centimeters to enhance the sound absorption of porous
materials. Gourdon et al.[8] added porous inclusions
in the macro-perforations to improve the sound ab-
sorption of double-porosity media at very low fre-
quencies. More enhancement mechanisms are intro-
duced by embedding inclusions in porous materials,
such as multi-component diffraction grating[9,10] and
inner resonance.[11] Nonetheless, the aforementioned
researches mainly focus on the high permeability con-
trast situation. The study on double porosity granu-
lar materials[12] has considered the low permeability
contrast situation, while lacking a thorough insight
into the double porosity coupling mechanism. It is
known that good sound absorption can be achieved
with the help of enough thickness of porous mate-
rial sheets,[7,12] which directly determines the surface
impedance of the sheet. This is due to the fact that
the sound absorption of such a sheet at low and inter-
mediate frequencies is dominated by the first sound
absorption resonance, which occurs when the sheet
thickness is one quarter of the sound wavelength.[13]
In this Letter, we demonstrate that the sound absorp-
tion of a thin meso-slit structure can be anomalously
enhanced at low and intermediate frequencies by in-
troducing micro-slits into the meso-slit matrix to form
a new double porosity hybrid structure (Fig. 1).

As schematically shown in Fig. 1, meso-slits with
individual slit width 𝑊 are arranged periodically
along the 𝑥-direction, while micro-slits with much

smaller slit width 𝑤 are arranged periodically along
the 𝑦-direction. The solid frame that constitutes the
meso- and micro-slits has widths 𝐷 and 𝑑, respec-
tively, and the total thickness of the hybrid structure
is 𝑠. Consider an incident plane sound wave propa-
gating along the negative direction of the 𝑧-axis, with
the rigid-backed hybrid structure working as a sound
absorber. For illustration, let 𝑊 = 0.1mm, 𝑤 =
12.5µm, 𝐷 = 0.2mm, 𝑑 = 3.125µm and 𝑠 = 10mm.
In this case, the meso- and micro-slits can be sepa-
rately regarded as a porous structure having 20% and
80% porosities, respectively, which together compose
a double porosity hybrid structure. As assumed by
the double-porosity theory, the skeleton of the multi-
slit structure is motionless and isothermal, and it is
saturated by the compressible Newtonian fluid air. In
the considered frequency range, sound wavelength is
larger than the size of the largest heterogeneities of
the structure, which is the length 𝑊 +2𝐷 of the unit
cell surrounded by red dashed line in Fig. 1. Moreover,
the micro-slits and meso-slits are interconnected, the
width ratio 𝑤/𝑊 = 0.125 between them is smaller
than one, thus the double porosity structure falls into
the low contrast category.

First, the acoustic properties of both the meso-
and micro-slits are modeled by using the slit theory.
For slits of width 2𝑟 and single porosity 𝜙, the ef-
fective density and effective compressibility are given
by 𝜌 = (1/𝜙)𝜌0[1 − tanh(

√
𝑖𝜉s)/(

√
𝑖𝜉s)]

−1 and 𝐶 =
𝜙[1/(𝛾𝑃0)]{1 + (𝛾 − 1)[tanh(

√
𝑖Pr𝜉s)/(

√
𝑖Pr𝜉s)]},

respectively.[14] Here 𝜔 is the angular frequency, 𝜌0
is the air density, 𝜂 is the dynamic viscosity, 𝑃0

is the static pressure of air, 𝛾 is the specific heat
ratio, Pr is the Prandtl number, 𝑖 =

√
−1, and

𝜉s = 𝑟(𝜔𝜌0/𝜂)
1/2. By employing the theory for

double porosity media,[5] the effective density and

*Supported by the National Basic Research Program of China under Grant No 2011CB610300, the National Natural Science
Foundation of China under Grant Nos 11102148 and 11321062, and the Fundamental Research Funds for Central Universities of
China.

**Corresponding author. Email: fengxian.xin@gmail.com
© 2015 Chinese Physical Society and IOP Publishing Ltd

014302-1

PACS 2010
PACS

PACS 2010
PACS

PACS 2010
PACS

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org


CHIN.PHYS. LETT. Vol. 32, No. 1 (2015) 014302

effective compressibility for the multi-slits of Fig. 1
are expressed as 𝜌u = [1/𝜌e + (1− 𝜙e)1/𝜌i]

−1 and
𝐶u = 𝐶e + (1− 𝜙e)𝐶i, where the subscripts i, e and
u stand for the micro-, meso- and multi-slits, respec-
tively. The characteristic impedance and propagation
constant of the hybrid structure are thence obtained
as 𝑍 = (𝜌u/𝐶u)

1/2 and 𝛽 = 𝑖𝜔(𝜌u𝐶u)
1/2, and the

surface impedance is calculated by 𝑍s = 𝑍 coth(𝛽𝑠).
With sound speed in air denoted by 𝑐0 and the rela-
tive impedance defined as 𝑧s = 𝑍s/(𝜌0𝑐0), the sound
absorption coefficient of the rigid-backed hybrid struc-
ture is 𝛼 = 4Re(𝑧s)/{[Re(𝑧s) + 1]2 + Im(𝑧s)

2}.
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Fig. 1. Schematic illustration of a multi-slit hybrid struc-
ture consisting of periodically arranged meso-slits and
micro-slits for sound absorption.
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Fig. 2. Sound absorption coefficient of rigid-backed multi-
slit hybrid structure under normal sound incidence: Com-
parison between theoretical model and FEM model, with
𝑊 = 0.1mm, 𝑤 = 12.5µm, 𝐷 = 0.2mm, 𝑑 = 3.125µm
and 𝑠 = 10mm.

Next, to investigate further the acoustic proper-
ties of the hybrid structure, numerical simulations
are carried out by using the finite element method
(FEM). A periodical FEM model is developed, with
periodical conditions exerted on the edges of the unit
cell, namely, the rectangular sub-configuration sur-
rounded by the red dashed line in Fig. 1. In the
model, the material of the solid frame constituting
the multi-slits is taken as non-metal, so that the

isothermal boundary condition is imposed at the air-
solid interfaces. Assuming a plane sound wave inci-
dent on one side of the multi-slit structure that is
backed directly with a rigid baffle (Fig. 1), we cal-
culate numerically its effective density and effective
compressibility (and thence its sound absorption coef-
ficient) by adopting the experimental-measurement-
like method.[15] With 𝑊 = 0.1mm, 𝑤 = 12.5µm,
𝐷 = 0.2mm, 𝑑 = 3.125µm and 𝑠 = 10mm, the nu-
merical simulation results are compared in Fig. 2 with
those calculated with the double porosity theory. As
reference, corresponding results for a meso-slit struc-
ture (single porosity 84%) and a micro-slits structure
(single porosity 84%) are also presented in Fig. 2: for
consistence, their geometrical parameters are identi-
cal to those of the multi-slit structure. Good agree-
ment between theoretical predictions and the FEM
simulation results is achieved. The results of Fig. 2
demonstrate clearly that, in comparison with either
the meso- or micro-slit structure, the proposed multi-
slit structure exhibits anomalously enhanced sound
absorption over a wide range of low and intermedi-
ate frequencies.
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Fig. 3. Real and imaginary parts of surface impedance 𝑍s

and propagation constant 𝛽.

To gain fundamental insights into the extraordi-
nary performance enhancement as evidenced in Fig. 2,
the surface impedance and propagation constant of
the multi-slit structure are compared with those of the
meso- and micro-slit structures in Fig. 3. According to
the theoretical expression for sound absorption coef-
ficient, perfect sound absorption demands zero reac-
tance (Im(𝑧s) = 0) and the resistance equals to that of
air (Re(𝑧s) = 1). As shown in Fig. 3(b), the relative re-
actance Im(𝑧s) of the multi-slit structure is dominated
by the meso-slits, approaching zero much faster than
the micro-slits. Further, by mixing the micro-slits into
the meso-slit matrix, the relative resistance Re(𝑧s) of
the resulting multi-slit structure approximately equals
unity over the low and intermediate frequency range;
see Fig. 3(a). Therefore, introducing micro-slits into a
meso-slit matrix mainly optimizes the resistance of the
meso-slits and has little influence upon its reactance.
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Fig. 4. Comparison of sound energy dissipation be-
tween multi-slit hybrid structure and meso-slit structure
at 3000Hz: (a) total thermal-viscous energy dissipation;
(b) viscous energy dissipation; and (c) thermal energy dis-
sipation. The abscissa has unit of millimeters, while the
ordinate is in W/m3.

Consider next the propagation constant of the
hybrid structure. Combining micro-slits with meso-
slits increases significantly both the real and imag-
inary parts of the propagation constant of the lat-
ter; see Figs. 3(c) and 3(d). As is well known, the
sound absorption performance of a porous absorber
in low and intermediate frequencies is dominated by
the first sound absorption peak corresponding to the
quarter-wavelength resonance that occurs if 𝑘𝑠 =
𝜋/2, with 𝑘 = Im(𝛽) being the sound wavenumber.
With the thickness of the hybrid structure fixed at
𝑠 = 10mm, the first sound absorption peak occurs
at 𝑘 ≈ 1.57 cm−1, which is marked as a horizontal
line in Fig. 3(d). As shown in Fig. 3(d), increasing
the wavenumber (or imaginary part of the propaga-
tion constant) implies that the wavenumber is able to
reach the quarter-wavelength resonance wavenumber
𝑘 at a lower frequency. This is in accordance with
the results of Fig. 2. To a large extent, the shift of
the sound absorption peak to a lower frequency (rela-
tive to the meso-slit structure) results in the remark-
able sound absorption enhancement of the multi-slit
structure. Although the sound absorption peak of
the micro-slit structure appears at a even lower fre-
quency (∼500 Hz), its sound absorption capability is
poor for its acoustic resistance is far beyond the ide-
alized value of Re(𝑧s) = 1. As the real part of the
propagation constant is actually the attenuation coef-
ficient which increases with decreasing the slit width,
the sound wave would attenuate more rapidly in the
micro-slits than in the meso-slits. However, the small

width (12.5µm) of the micro-slits leads to high re-
flection of sound at the incident surface, resulting in
poor sound absorption. Nonetheless, the present re-
sults demonstrate that incorporating micro-slits into
a meso-slit matrix can cause remarkably enhanced
sound absorption, which is significant given that the
multi-slit structure considered is relatively thin (e.g.,
𝑠 = 10mm).

In contrast to the existing double porosity media
proposed for sound absorption where the mesoscopic
pores have millimeter scale,[5] the meso-slits consid-
ered here have sub-millimeter scale. Whereas meso-
scopic pores with millimeter or larger scale can absorb
slight sound energy by themselves at low and inter-
mediate frequencies, the present meso-slits with sub-
millimeter scale are capable of absorbing a reasonable
amount of sound energy (see Fig. 2). Therefore, the
sound absorption mechanisms of the proposed double
porosity multi-slit structure are completely different
to those of existing double porosity media. As is well
known, the energy of a sound wave propagating across
a porous medium is mainly dissipated within viscous
and thermal boundary layers. To explore the mecha-
nisms underlying the remarkable performance of the
present multi-slit structure, Fig. 4 compares the nu-
merically predicted sound energy dissipations in the
multi-slit structure to those in its meso-slit counter-
part. It can be seen from Fig. 4 that energy dissipa-
tion in the micro-slits is negligible. However, energy
dissipation in the meso-slits is remarkably enhanced
as evidenced by the concentration of energy dissipa-
tion nearby the junctures of the meso- and micro-slits,
which is attributed to the noticeable velocity and tem-
perature gradients induced at these junctures (Fig. 4).
Therefore, incorporating micro-slits into a meso-slit
matrix to constitute a multi-slit structure leads to
significant velocity and temperature gradient distribu-
tions, which causes concentration of energy dissipation
and hence enhanced sound absorption. In addition, it
can be seen from Fig. 4 that the sound absorption is
dominated by the viscous effect since the thermal en-
ergy dissipation is much less than the viscous energy
dissipation in the proposed double porosity multi-slit
structure. Note that the thermal dissipation in porous
media depends on frequency and wavelength of sound
waves.[16] For the relatively high frequency 3000 Hz in
Fig. 4, there is not enough time for the occurrence of
the thermal conduction between the air and porous
frames, which results in a small thermal dissipation
in both multi-slits and meso-slits. Due to the shorter
wavelength in multi-slits, whose thermal dissipation is
inferior to that of meso-slits.

In summary, by introducing micro-slits into a
meso-slit matrix, the resulting lightweight multi-slit
structure exhibits superior sound absorption perfor-
mance in low and intermediate frequencies, even if
its total thickness is relatively thin. Numerical sim-
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ulations reveal that the concentration of sound en-
ergy dissipation at the junctures of the meso- and
micro-slits is responsible for this unusual sound ab-
sorption enhancement. The proposed multi-slit struc-
ture has promising applications in noise control en-
gineering particularly where the size and weight of a
sound absorber are of concern. Further studies are
necessary to tailor the performance of the multi-slit
structure by systematically varying relevant topologi-
cal parameters.
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