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ABSTRACT In this paper, we propose a novel porous metamaterial structure with an improved
acoustic energy absorption performance at high-temperature and in the low-frequency range. In
the proposed novel porous metamaterial structure, a porous material matrix containing periodi-
cally perforated cylindrical holes arranged in a triangular lattice pattern is applied, and additional
interlayers of another porous material are introduced around these perforations. The theoretical
model is established by adopting the double porosity theory for the interlayer and the cylindri-
cal hole which form an equivalent inclusion and then applying the homogenization method to
the porous metamaterial structure formed by the equivalent inclusion and the porous matrix.
The temperature-dependent air and material parameters are considered in the extended theoret-
ical model, which is validated by the finite element results obtained by COMSOL Multiphysics.
The acoustic or sound energy absorption performance can be improved remarkably at very low
frequencies and high temperature. Furthermore, the underlying acoustic energy absorption mech-
anism inside the unit-cell is investigated by analyzing the distribution of the time-averaged
acoustic power dissipation density and the energy dissipation ratio of each constituent porous
material. The results reveal that regardless of the temperature, the acoustic energy is mostly
dissipated in the porous material with a lower airflow resistivity, while the acoustic energy dis-
sipated in the porous material with a higher airflow resistivity also becomes considerable in the
high-frequency range. The novel porous metamaterial structure proposed in this paper can be
efficiently utilized to improve the acoustic energy absorption performance at high temperature.

KEY WORDS Novel porous metamaterial structure, Double porosity theory, Homogenization
method, Acoustic or sound energy absorption, High temperature

1. Introduction
Energy-absorbing materials and structures [1–3] are widely used in engineering applications to

provide an adequate mechanical or thermal protection [4] and reduce harmful noises [5–8]. Besides
the design of highly efficient energy-absorbing structures, such as the acoustic black holes (ABHs)
which show great potential in impact protection, vibration attenuation and noise reduction [9–12], the
proper selection of highly energy-absorbing materials is also essential. Porous materials composed of
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randomly distributed micro-pores are highly effective for mechanical and acoustic energy absorption. In
order to describe the acoustic or sound energy absorption characteristics of such materials, analytical
models for porous materials with simple pore morphologies such as parallel cylindrical or slit-like pores
were first proposed by Zwikker and Kosten [13] in 1949, in which the dynamic mass density and
bulk modulus were calculated under the assumption of rigid and motionless skeletons. Then purely
empirical models [14, 15] were developed using power-law functions dependent on the static airflow
resistivity to describe the complex wave number and characteristic impedance. For more complicated
pore morphologies, semi-phenomenological models such as the Johnson-Champoux-Allard (JCA) model
[16, 17] were proposed with five parameters involving not only the static airflow resistivity and porosity,
but also the tortuosity and viscous characteristic length for describing the viscous effect, and the
thermal characteristic length for considering the thermal effect. Later on, Pride et al. [18] and Lafarge
[19] further modified the JCA model for calculating the dynamic mass density and bulk modulus with
a higher accuracy, which, however, are rather complicated because they require more parameters which
are difficult to measure.

However, conventional porous materials only have an effective sound energy absorption performance
with a quite large bandwidth at relatively high frequencies in general. For improving their low-frequency
absorption capability, in the past few decades, scientists began to work on the double porosity mate-
rials which have two interconnected pores of very different characteristic sizes. The homogenization
method [20] was proposed and employed for the study of the sound energy absorption of double poros-
ity materials with periodically distributed perforations [21–23] or periodically arranged slits [24–26].
Besides, porous composite materials with inclusions and composite porous metamaterials were also
investigated, and it was demonstrated that such materials are also highly capable of enhancing the
sound energy absorption performance [27–30].

In addition to the above-mentioned research work at room temperature, porous materials have also
been used for sound energy absorption in high-temperature environments such as in the combustion
chambers of gas turbines [31]. In such cases, the air and material properties vary considerably with the
change of temperature, and they should be designed properly to match the extreme high-temperature
conditions. Therefore, the high-temperature sound energy absorption characteristics of porous mate-
rials have been analyzed comprehensively in the past years. Since the static airflow resistivity plays a
critical role in most of the established models for porous materials, its dependence on temperature was
first estimated by Christie [32] through experiments and further verified by Williams et al. [33] Sun
et al. [34] studied the high-temperature effects on the acoustic parameters of fibrous metal materials
by thermodynamics and heat transfer theory considering the temperature-dependent material proper-
ties. Furthermore, the surface-specific acoustic impedances and the acoustic absorption coefficients for
normal incidence were also investigated theoretically and experimentally. Ren et al. [35] developed a
semi-analytical model from the microscopic perspective and analyzed the influence of temperature on
acoustic wave or sound propagation in sintered metal fiber materials by considering the variations of
thermal parameters of saturated air with temperature.

In spite of the above-mentioned previous studies, however, the acoustic or sound energy absorption
performance of conventional porous materials at high temperature still needs to be further improved,
especially in the low-frequency range. Therefore, a new kind of porous metamaterial structure is
proposed in this paper. The proposed novel porous metamaterial structure is composed of three com-
ponents, namely, a porous material as matrix, periodically perforated cylindrical holes arranged in a
triangular lattice pattern, and another porous material as interlayers between the porous matrix and
the perforated cylindrical holes. The introduction of additional interlayers consisting of another porous
material around the perforations aims to form a novel porous metamaterial or composite structure
by combining the advantages of the two different constituent porous materials (inner porous material
interlayer and outer porous material matrix) and to obtain an improved sound energy absorption per-
formance at high temperature, in the low-frequency range and with a sufficiently large bandwidth. A
theoretical model for the proposed novel porous metamaterial structure is established, and its sound
energy absorption characteristics are analyzed by taking the temperature-dependent air and mate-
rial parameters into consideration. The established theoretical model is then validated by the finite
element (FE) software COMSOL Multiphysics. To reveal the underlying acoustic or sound energy
absorption mechanism inside the unit-cell of the porous metamaterial structure, the distributions of
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the time-averaged acoustic power dissipation density in the unit-cell and the energy dissipation ratio
of the two constituent porous materials at different temperatures are studied and discussed in details.
Finally, some conclusions are drawn, which are relevant for the design, optimization and application
of the proposed novel porous metamaterial structure at low frequencies and in the high-temperature
environments.

2. Theoretical and Numerical Models
2.1. Theoretical Model

Let us consider a porous metamaterial or composite structure as shown in Fig. 1a, which is com-
posed of a porous material (material 2) as matrix, periodically perforated cylindrical holes arranged
in a triangular lattice pattern, and another porous material (material 1) as interlayers between the
matrix and the perforations. It should be noted here that the present study focuses on the triangular
lattice pattern of the perforated cylindrical holes, though other arrangements or lattice pattern of the
perforated cylindrical holes can also be considered. The porous metamaterial structure is subjected to
a normally incident acoustic wave. Due to the periodicity of the cylindrical perforations, a hexagonal
unit-cell is used to represent the sound energy absorption characteristics of the whole porous meta-
material structure. To simplify the analysis, the hexagonal unit-cell is approximated by a cylindrical
unit-cell having the same volume. The cylindrical unit-cell can be considered as a porous matrix (mate-
rial 2) containing an equivalent acoustic inclusion, which is a double porosity material consisting of
the cylindrical perforation and the porous interlayer (material 1). The radius of the unit-cell is r2,
the perforation radius is Rp, the thickness of the inner porous material interlayer is r2 − r1, and h
denotes the height of the unit-cell. In the following analysis, the subscript m is used to represent the
acoustic parameters related to the porous materials and the parameters with the subscript p represent
the parameters of the perforation. The subscript dp denotes the double porosity material, and the
quantities without any subscripts apply for the entire unit-cell.

Both porous materials 1 and 2 used in our porous metamaterial structure are described by the
JCA model [16, 17], which is a semi-phenomenological model used to describe the equivalent dynamic
mass density and bulk modulus of an acoustical porous material having arbitrary pore shapes. Five
parameters are involved in the JCA model, namely, the porosity, the static airflow resistivity, the
tortuosity factor, the viscous characteristic length, and the thermal characteristic length. The static
airflow resistivity and the tortuosity factor can characterize the visco-inertial effects, and the latter can
be considered as a measure of the disorder in the material. The viscous characteristic length describes
the viscous effects, while the thermal characteristic length describes the thermal effects, and both of
them can be estimated from the standing wave tube measurements or ultrasound techniques [36–38].
Based on the JCA model, the equivalent dynamic mass density and bulk modulus for the two porous
materials in our porous metamaterial structure can be expressed as
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where j =
√−1 is the imaginary unit, ω is the angular frequency, ϕmi, σmi, α∞mi,Λmi and Λ′

mi are
the porosity, static airflow resistivity, tortuosity factor, viscous, and thermal characteristic lengths of
the two porous materials, respectively, ρ0 and η are the mass density and dynamic viscosity of air, P0

is the ambient pressure, Cp is the specific heat capacity of air at constant pressure, γ is the specific
heat ratio, and κ is the heat conductivity of air. The subscript i = 1, 2 in Eqs. (1) and (2) designates
the porous materials 1 and 2, respectively.

For the cylindrical perforation, the porosity is defined by φp1 = R2
p

/
r2
1. The equivalent dynamic

mass density and the equivalent dynamic bulk modulus of a material with a cylindrical hole of circular
cross section can be expressed as [13]



Vol. 34, No. 6 Q. Liu et al.: High-Temperature and Low-frequency Acoustic Energy... 875

ρp =
ρ0

φp1
× 1

/ [
1 − 2

β
√−j

J1

(
β
√−j

)
J0

(
β
√−j

)
]

(3)

Kp =
P0

φp1
× γ

/ [
1 + (γ − 1)

2
β
√−j Pr

J1

(
β
√−j Pr

)
J0

(
β
√−j Pr

)
]

(4)

where β = r̄
√

ωρ0
η , r̄ is the so-called hydraulic radius which equals to Rp,Pr = ηCp

/
κ is the Prandtl

number, and Ji represents the Bessel function of the first kind and i-th order.
The dynamic mass density and bulk modulus of the perforated porous material consisting of the

cylindrical hole and the inner porous material (porous material 1) interlayer can be obtained by the
double porosity theory [22] as
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where Fd1 (ω) is introduced to describe the dissipative effect of the pressure diffusion, which can be
expressed as

Fd1(ω) = 1 − j
ω

ωd1

D1 (ω)
D1 (0)

(7)

in which ωd1 = (1 − φp1)P0

/
φm1σm1D1(0) is the characteristic frequency of the pressure diffusion

effect. A semi-phenomenological expression for D1 (ω) in Eq. (7) is given by [22, 39]
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where D1(0) is defined by [39]
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and the form parameter Md1 is determined by [22]
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in which
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It is noted here that Fd1(ω) in Eq. (6) should be replaced by 1 if ω � ωV M1 and ωd1 � ωV M1 are
not satisfied, where ωV M1 = σm1φm1

/
(ρ0α∞m1) is the cutoff angular frequency. In this case, the airflow

participates in both the micro-pore domain of the porous material and the cylindrical hole, and the
acoustic pressure is distributed homogeneously along the direction of the acoustic wave propagation.

Since the unit-cell can be considered as an equivalent inclusion of a double porosity material (porous
material 1 and cylindrical hole) embedded in a porous matrix (porous material 2), the dynamic mass
density and the dynamic bulk modulus of the whole unit-cell can be deduced by the homogenization
method as [22]
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Fig. 1. a Acoustic wave propagation in a novel porous metamaterial structure; b hexagonal unit-cell; c approximate
cylindrical unit-cell; d two-dimensional (2D) axisymmetric finite element model for the unit-cell
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Once the equivalent dynamic mass density and bulk modulus of the unit-cell are obtained, the
characteristic acoustic impedance and wave number can be calculated by

Zc = (ρK)1/2 (15)

k = ω (ρ/K)1/2 (16)

With a rigid back, the surface impedance and sound absorption coefficient are determined by [40]

Zs = −jZc cot (kh) (17)
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∣∣∣∣
2

(18)

where c0 is the sound speed in air. The above theoretical model can be further extended to high-
temperature conditions by applying the corresponding parameters of air and the porous materials at
different temperatures.

2.2. Numerical Model

To validate the theoretical model described in the previous subsection and further investigate the
sound energy absorption mechanism inside the unit-cell of the porous metamaterial structure, a two-
dimensional (2D) axisymmetric finite element (FE) model is established using the commercial software
COMSOL Multiphysics, which is shown in Fig. 1d. The red dash-dotted line represents the rotation axis
of the 2D axisymmetric model, and all the other three sides are sound-hard boundaries. The cylindrical
hole is considered as the air domain and both porous materials, i.e., porous matrix (porous material
2) and porous interlayer (porous material 1), are defined as the poroacoustic domains described by the
JCA model. For generating the incident plane sound wave, a background pressure field is introduced as
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Table 1. Physical parameters of air at different temperatures

t ρ0 c0 η Cp γ κ

(◦C) (kg/m3) (m/s) (10−5Pa · s) (J/kg/K) (1) (10−2W/m/K)

20 1.23 343 1.82 1006.4 1.402 2.55
100 0.94 387 2.19 1011.5 1.397 3.11
300 0.614 476 2.98 1045.4 1.379 4.37
500 0.456 549 3.66 1092.7 1.356 5.48

the air domain. A perfectly matched layer (PML) is attached to the top part of the air domain of the
background pressure field to avoid acoustic wave reflections at the top boundary of the air domain of
the background pressure field. Free triangular meshes are used for all the computational domains except
the PML, where mapped meshes are applied. Besides, quadratic elements are employed in the whole
simulation. In the present analysis, the minimum wavelength, which is defined by the ratio of the sound
speed at room temperature to the sound frequency, increases with the increase of temperature as the
sound speed in air also increases with the increase of temperature. Thus, the maximum mesh size for
room temperature can be used for both room and high- temperature conditions. Our own experiences
show that a maximum mesh size smaller than one-sixth of the minimum wavelength is sufficient to
ensure the accuracy and convergence of the numerical model. For this reason, the maximum mesh
size is chosen to be smaller than one-tenth of the minimum wavelength at room temperature in our
calculations, which means that the used mesh resolves the smallest wavelength with 10 elements to
ensure the accuracy and convergence of the numerical model. The used mesh can handle approximately
a maximum frequency of 16666 Hz, which covers the frequency range of 0 to 2000 Hz considered in our
analysis. With the abovementioned criteria for the mesh-size selection, the numerical model as shown
in Fig. 1d consists of 441 elements and 279 degrees of freedom (DOFs) in total.

The surface impedance is computed by Zs = 〈p〉/〈v〉, where 〈p〉 and 〈v〉 are the average values of
the sound pressure and normal velocity of the particles on the top surface of the unit-cell, respectively.
Therefore, the sound absorption coefficient can be calculated by Eq. (18).

3. Temperature-Dependent Material Parameters
The above theoretical and numerical models can be further extended to high-temperature condi-

tions by considering the corresponding temperature-dependent air and material parameters at different
temperatures. Among the five parameters of the porous materials in the JCA model, only the static
airflow resistivity σ varies significantly with temperature t [35] and its temperature dependence can
be described by Christie’s law [32]

σ = σ0

(
t + 273.15

293.15

)0.6

(19)

where σ0 is the reference static airflow resistivity at the room temperature of t0 = 20◦C or t0 = 293.15K.
However, the physical parameters of air are highly dependent on temperature. The software REF-

PROP of NIST can be applied to calculate the corresponding physical parameters of air for selected
temperatures at the atmospheric pressure P0 = 101330Pa based on numerous fitted curves of the
experimental data, and these parameters are listed in Table 1.

4. Results and Discussion
The acoustic or sound energy absorption characteristics of the proposed porous metamaterial struc-

ture and the underlying physical mechanism are studied in detail in this section. In our calculations,
the cylindrical unit-cell of the porous metamaterial structure has the following geometrical param-
eters: Rp = 4mm, r1 = 8mm, r2 = 12mm, and h = 90mm. Two porous materials made of sintered
metal fibers and rockwool are selected and marked as Fib1 and Fib2, respectively, and their material
parameters at the room temperature of 20◦C are shown in Table 2. In the following analysis, the porous
material Fib1 is taken as the inner porous interlayer and Fib2 as the outer porous matrix.

The sound absorption coefficient and surface impedance (normalized by the characteristic
impedance of air) curves are shown in Fig. 2. It can be observed here that fairly good agreements
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Fig. 2. a Sound absorption coefficient; b real part; c imaginary part of the normalized surface impedance curves at
different temperatures

Table 2. Material parameters at 20 ◦C

Material φmi σmi

(
N · s · m−4

)
α∞mi Λmi (µm) Λ

′
mi (µm)

Fib1 (sintered metallic fibrous material) 0.90 12057 1.085 141 225
Fib2 (rockwool) 0.94 1,35,000 2.1 49 166

between the theoretical and numerical results are achieved, which validates the theoretical model
established in the paper. At room temperature, the sound absorption coefficient is above 0.8 starting
from a low frequency of about 270 Hz on, and the peak is located at around 390 Hz with a value of
about 0.986. At 100◦C, the sound absorption coefficient is above 0.8 from 290 Hz on, while at 300◦C,
the coefficient is above 0.7 from 340 Hz on. For a perfect sound energy absorber [41], it requires that
the real part of the surface impedance of the structure (acoustic resistance) equals to that of air (i.e.,
Re(Zs/Z0) = 1) and the imaginary part of the surface impedance (acoustic reactance) equals to zero
(i.e., Im(Zs/Z0) = 0). As temperature rises, the peak position only slightly shifts to a higher frequency
by several dozens of Hz and the peak value always remains higher than 0.985, which can be explained
by the good match of the surface impedance of the structure with the impedance of air. However,
in the intermediate-frequency range, the acoustic resistance deviates farther away from 1 with the
increase of temperature, which results in a poor match of the surface impedance with the impedance
of air. Thus, the sound absorption coefficient decreases and a trough can be observed around 1000 Hz.
Nevertheless, it can still be concluded that the sound energy absorption is sufficiently efficient at very
low frequencies with a large bandwidth at high temperature.

To demonstrate the sound absorption performance of the novel porous metamaterial structure, the
comparison of the sound absorption coefficients for the proposed metamaterial structure, the double
porosity materials (porous materials with cylindrical holes), and the pristine porous materials without
cylindrical holes or perforations having the same geometry is shown in Fig. 3. Here, Fib1 and Fib2
are used to represent the pristine porous materials without cylindrical holes, while DP-Fib1 and DP-
Fib2 are used to represent the double porosity materials with cylindrical holes but without additional
interlayers. It can be observed from Fig. 3 that for the two pristine porous materials without cylindrical
holes, the sound absorption coefficients decrease significantly with the increase of temperature and
become inefficient. Among the other three cases with cylindrical holes, a peak in the sound absorption
coefficient is induced in the low-frequency range. At the same temperature, the peak value of the sound
absorption coefficient for DP-Fib2 is smaller than that for the novel porous metamaterial structure
and the one for the DP-Fib1, and it appears always at the lowest frequency. The peak value of the
sound absorption coefficient for the novel porous metamaterial structure is comparable with that of
DP-Fib1 at 20◦C and 500◦C, but higher than that for DP-Fib1 at 100◦C and 300◦C. The peak position
of the sound absorption coefficient for the novel metamaterial structure only shifts slightly to a higher
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Fig. 3. Comparison of the sound absorption coefficients: a t = 20◦C ; b t = 100◦C; c t = 300◦C; d t = 500◦C

frequency compared with that for DP-Fib2, and it lies between the two corresponding frequencies for
DP-Fib1 and DP-Fib2. Although a decrease of the peak position of the sound absorption coefficient
for DP-Fib1 can be observed as temperature increases, it can only reach about 560 Hz at the lowest,
which is still higher than that for the proposed porous metamaterial structure and the one for DP-
Fib2. Figure 3 shows clearly that the proposed porous metamaterial structure exhibits an improved
sound absorption capacity in the low-frequency range, while the pristine porous material Fib1 and the
double porosity material DP-Fib1 perform better in the intermediate-frequency range, at least for the
considered temperature interval.

In order to reveal the underlying sound energy absorption mechanism, the distributions of time-
averaged power dissipation density inside the unit-cell of porous metamaterial structure are shown
in Fig. 4. Five different frequencies are chosen, among which 390 Hz, 440 Hz, and 500 Hz are the
sound absorption peak frequencies of the porous metamaterial structure at 100◦C, 300◦C and 500◦C,
respectively. The total energy dissipated in each constituent porous material consists of two parts:
the energy dissipated through the viscous effects and that through the thermal effects, and they can
be determined from the acoustic wave propagation analysis in an equivalent fluid [21]. As shown in
Fig. 4, most of the energy is dissipated in the upper part of the inner porous interlayer Fib1 with a
lower airflow resistivity, independent of the considered temperature. However, the porous matrix Fib2
becomes more involved in the energy dissipation as the frequency increases, and a concentration of the
dissipated energy can always be observed at the interface of the two different porous materials near
the top surface at 2000 Hz. Besides it can be seen that the energy dissipation is minimal at 1000 Hz for
all four considered temperatures, which corresponds to the trough of the sound absorption coefficient
curves in Fig. 2 approximately.

Besides the distribution of the time-averaged power dissipation density inside the unit-cell of the
porous metamaterial structure, the curves of the energy dissipation ratio at the four selected tempera-
tures are also plotted in Fig. 5 to understand the role of each constituent porous material in the sound
energy absorption process. The curves in Fig. 5 represent the proportion of the energy dissipated in
each constituent porous material to the total energy dissipated inside the whole unit-cell of the porous
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Fig. 4. Time-averaged power dissipation density (unit: W/m3) in a unit-cell of the porous metamaterial structure: a
t = 20 ◦C; b t = 100 ◦C; c t = 300 ◦C; d t = 500 ◦C

Fig. 5. Energy dissipation ratio of the two constituent porous materials at different temperatures

metamaterial structure. It can be seen here that regardless of the temperature, most of the energy is
dissipated in the interlayer Fib1 as the ratio is always higher than 0.5. For all four considered temper-
atures, the energy dissipated in the interlayer Fib1 first increases and the maximum ratio is around
0.8 which indicates that about 80% of the total dissipated energy is dissipated in the interlayer Fib1.
However, the energy dissipated in the interlayer Fib1 is reduced at intermediate and high frequencies,
while the curves for the porous matrix Fib2 show an opposite trend. In a word, in the considered
frequency range, the porous material with a lower airflow resistivity (Fib1) contributes more to the
energy dissipation regardless of the temperature, while the contribution of the porous material with a
higher airflow resistivity (Fib2) also becomes more remarkable at intermediate to high frequencies.
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5. Conclusions
In this paper, a novel porous metamaterial structure with a superior high-temperature acoustic

or sound energy absorption performance in the low-frequency range is presented. The proposed novel
porous metamaterial structure consists of a porous material as matrix, periodically perforated cylin-
drical holes in a triangular lattice pattern, and another porous material as interlayers between the
matrix and the perforated cylindrical holes. The double porosity theory is adopted to homogenize the
interlayer and the cylindrical hole in a unit-cell as an equivalent acoustic inclusion, which is embedded
in a porous matrix. Then, the porous matrix and the acoustic inclusion are further homogenized to
build the theoretical model for the novel porous metamaterial structure. The variations of the relevant
air and material parameters with temperature are taken into consideration in the extended theoretical
model. To validate the established theoretical model, numerical simulations based on the FE model are
performed, and fairly good agreement between the theoretically predicted and numerically computed
results is achieved. The present results demonstrate that the proposed novel porous metamaterial
structure exhibits a superior high-temperature acoustic energy absorption performance at low frequen-
cies and in a rather wide frequency range. To explore and understand the underlying acoustic energy
absorption mechanism inside the unit-cell of the porous metamaterial structure, the distribution of
the time-averaged power dissipation density in the unit-cell as well as the energy dissipation ratio of
each constituent porous material at different temperatures is also investigated in details. It is found
that the two constituent porous materials contribute distinctively to the energy dissipation in different
frequency ranges, and most of the energy is dissipated in the porous material with a lower airflow
resistivity regardless of the temperature. The novel porous metamaterial structure proposed in this
paper can be further optimized and utilized for efficiently absorbing the acoustic or sound energy at
low frequencies and in high-temperature environments, which has important applications for noise
reduction and insulation in mechanical and aerospace engineering.
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