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Summary
Numerical simulation of absorption of sound in porous media is an important part of the design of
the treatments for the environmental noise reduction. In the porous media, the mechanical energy
carried by sound is dissipated by thermo-viscous interactions with the solid surface of the media frame,
which usually has complicated geometry at the microscopic (sub-millimetre) scale. In order to be able
to absorb the acoustic energy at the low frequencies of interest, a layer of porous material must be
rather thick (at the order of centimetres). This is why direct numerical simulation (DNS) of the sound
absorption in porous media is a rather computationally challenging task because small geometrical
details must be properly resolved in a large computational domain. In order to avoid these diﬃculties,
simpliﬁed semi-phenomenological models introducing so called eﬀective ﬂuid have been proposed. For
example, the Johnson-Champoux-Allard-Pride-Lafarge (JCAPL) model is based on eight parameters
which can be measured or calculated based on the media micro-structural geometry. Within this work,
we compare the numerical results obtained by the 3D DNS with the prediction of the JCAPL model
in case of several porous media represented by closely-packed spheres. The DNS calculations are
performed using the linearised Navier-Stokes equations for layers of spheres of diﬀerent thicknesses,
the parameters for the JCAPL model are calculated subsequently using Laplace, Poisson, and Stokesﬂow analyses on a representative volume element of the media. Very good agreement between the
results has been found.
PACS no. 43.55.Ev

1. Introduction
We live in a modern world, surrounded by technology. The technology makes our life easy. However,
we pay for this technological comfort – we have to
deal with an omnipresent noise. Even if there are advanced techniques for the noise reduction, we mostly
rely on porous sound-absorbing materials. These materials employ microscopic ﬁbres or pores to convert
the acoustic energy, carried with noise, into heat. The
compliance with hygienic standards related to exposure to noise is a part of the design process, which
is substantially simpliﬁed by numerical simulations.
Even if the direct numerical simulations (DNS) of the
processes taking place in porous media are straightforward, they are rather hard to perform, as the above
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mentioned processes take place in microscopic (submillimetre) scales and the dimensions of the noisereducing treatments are macroscopic. As a result,
huge computational eﬀort is needed for direct simulations. That is why sophisticated models have been
developed, which introduce an eﬀective ﬂuid, see e.g.
[1], which, in the macroscopic scale, mimics the behaviour of the structurally complicated porous media.
These models employ sets of parameters, which can
be calculated based on the micro-structural geometry
of the porous material, see e.g. [2, 3, 4, 5, 6], which
is somewhat an easier task than the direct numerical simulation, at least from the computational-eﬀort
point of view. In [7] the sound absorption of rigid
porous media made up of identical rigid spheres in the
face centered cubic packing (with porosity 26%) was
calculated from micro-structure through its transport
parameters and using the Johnson-Champoux-AllardPride-Lafarge (JCAPL) model [1, 8, 9, 10, 11, 12].
A similar approach for a similar problem of sound
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propagation in granular media of rigid spheres, but in
a few regular packings was investigated in [5] and [6].
Boutin and Geindreau [13] used the homogenization
of periodic media to derive three estimates and also
exact bounds of dynamic permeability in granular media of spherical grains. The micro-structure-based approach for modelling of porous media was also applied
by Perrot et al. [3, 14] for open-cell aluminium foams
and more recently for polymeric foams [15]. It was also
applied for open foams with spherical pores in [16].
Chevillotte et al. [17] studied a link between microstructure and acoustical macro-behaviour of double
porosity foams, and in [18] the microstructure-based
approach was applied for 3D representations of ﬁbrous
materials.
As the computational power of contemporary computers incessantly increases, it becomes possible to
perform the direct numerical simulations of the processes taking place in porous media even by employing desktop computers. Within the present work,
the absorption of a plane wave impinging normally
upon a rigid-wall-backed layer of spheres is studied by
means of direct numerical simulations. The numerical
results are compared with the ones obtained using the
JCAPL model.

2. Mathematical model
2.1. Direct numerical simulation
As acoustic waves within the ﬂuid ﬁlling the porous
media frame propagate in narrow regions, viscous and
thermal eﬀects cannot be neglected and instead of
a wave equation, linearised Navier-Stokes equations
must be employed, see e.g. [1]. They can be written
in form
∂ρ′
+ ρ0 ∇ · v′ = 0,
(1a)
∂t
n
h
i
′
∂v
T
ρ0
− ∇ · − p′ I + µ ∇v′ + (∇v′ )
∂t
o
2µ
− (∇ · v′ )I = 0,
(1b)
3
∂T ′
∂p′
−
− κ∇2 T ′ = 0,
(1c)
ρ0 cp
∂t
∂t
where ρ′ is the acoustic density, v′ is the acoustic velocity vector, p′ is the acoustic pressure, ρ0 is the ﬂuid
ambient density, µ is the shear viscosity, cp is the speciﬁc heat at constant pressure, κ is coeﬃcient of heat
conduction and I is the identity matrix.
The set of equations (1) is supplemented with the
linearised state equation of an ideal gas
p′
ρ′
T′
=
+ ,
p0
ρ0
T0

(2)

where p0 and T0 are ambient pressure and temperature, respectively.
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Within this work, it is assumed that the frame
of the porous material is perfectly rigid (motionless)
and the speciﬁc heat capacity of its material is much
higher than the one of the ﬂuid. As a result of that,
Eqs. (1) are solved with no-slip and isothermal boundary conditions on the rigid surfaces
v′ = 0,

T ′ = 0.

2.2. Equivalent fluid model
Under the long-wavelength approximation, when
the characteristic microscale-structure dimensions are
much smaller then the wavelength, the ﬂuid in the
complicated porous-media micro-scale geometry can
be, in the macroscopic scale, replaced by an equivalent ﬂuid with corresponding eﬀective, frequencydependent, and complex-valued properties; namely,
the eﬀective ﬂuid density ρc (ω) and eﬀective ﬂuid bulk
modulus Kc (ω). With these parameters, complexvalued characteristic impedance Zc and the complexvalued wavenumber kc can be introduced as
s
p
ρc (ω)
, (3)
Zc (ω) = ρc (ω)Kc (ω), kc = ω
Kc (ω)
where ω is the angular frequency.
Once the porous-media micro-scale complexity has
been homogenized-out, acoustic ﬁeld in the porous
media, instead of set of Eqs. (1) in the micro-scale,
can be in the macroscopic scale calculated employing
Helmholtz equation
∇·



1
∇p′
ρc



(4)

+ kc2 p′ = 0,

According to the JCAPL model [1, 16, 19], the effective properties can be written as
"
ρc (ω)
νφ
1 − b+
=
ρ0
jωk0
s
b

jω
1+
ν



2α∞ k0
bφΛ

2 #

+ α∞ ,

(5)

where ν = µ/ρ0 is the kinematic viscosity, φ is the
porosity, k0 is the viscous permeability, α∞ is the tortuosity (at the frequency of ∞ Hz), Λ is the viscous
characteristic length,
b=

2
2k0 α∞
,
2
φΛ (α0 − α∞ )

where α0 is the tortuosity (at the frequency of 0 Hz).
Further,
Kc (ω) =

p0
,
1 − (γ − 1)/γα′ (ω)

(6)
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Figure 1. Sphere packing: body centered cubic (BCC), face
centered cubic (FCC), and simple cubic (SC).

where p0 is the ambient pressure, γ is the ratio of
speciﬁc heats, and
"
ν′φ
α (ω) =
1 − b′ +
jωk0′
s

Figure 2. Schematics of the computational domain for
DNS and the equivalent ﬂuid model.

′

b′

1+

jω
ν′



2k0′
b′ φΛ′

2 #

+ 1,

(7)

where ν ′ = ν/Pr, where Pr is the Prandtl number, k0′
is the thermal permeability, Λ′ is the thermal characteristic length, and
b′ =

2k0′
,
φΛ′2 (α0′ − 1)

where α0′ is the thermal tortuosity (at the frequency
of 0 Hz).
The eight parameters of the JCAPL model: φ, α∞ ,
α0 , α0′ , k0 , k0′ , Λ, and Λ′ depend on the ‘microscopic’
structure of the rigid frame and in the case of a periodic rigid frame, they can be calculated numerically,
solving the Stokes problem (steady-state incompressible ﬂow), Laplace problem, and Poisson problem, see
e.g. [5, 6], employing so-called representative volume
element of the porous media. As the corresponding
calculations are performed only on a representative
cell of the porous media, they are numerically less expensive than the direct numerical simulations.

3. Numerical procedure
As an example, absorption of a plane wave impinging normally upon a rigid-wall-backed layer of rigid
spheres is studied. Three periodic close packing conﬁgurations are assumed here: body centered cubic
(BCC), face centered cubic (FCC), and simple cubic
(SC), one, see Fig. 1.
3.1. Direct numerical simulations
The geometry of the computational domain for the
direct numerical simulations is schematically shown
in Fig. 2a. Thermoacoustics Interface of COMSOL
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Multiphysics’ Acoustics Module, see [19], is employed
to solve Eqs. (1) numerically in the frequency domain. In all the studied cases, the smallest volume
which repeats itself periodically is identiﬁed in order
to minimize the necessary computational resources.
The computational-domain periodicity is represented
by symmetric boundary conditions (in all the studied
cases, the ratio of the spheres’ radii and the wavelength is so small that the impinging acoustic wave is
not diﬀracted), impinging acoustic wave is represented
by adiabatic-pressure boundary condition in some distance from the spheres. All the ﬂuid–rigid-frame contact surfaces are treated by no-slip and isothermal
boundary conditions.
Once the acoustic ﬁeld within the computational
domain is calculated, speciﬁc acoustic impedance at
a point M , suﬃciently far from the rigid spheres, is
determined as
Z(M ) =

p̃′ (M )
,
ṽ ′ (M )

(8)

where p̃′ represents the phasor of the acoustic pressure and ṽ ′ is the phasor of the acoustic velocity component along the direction of the wave propagation.
With this information, the reﬂection coeﬃcient modulus is calculated as
|R| =

Z(M ) − ρ0 c0
,
Z(M ) + ρ0 c0

(9)

where c0 is the speed of sound. As the porous layer is
backed by a rigid wall (no wave transmission behind
the layer), the absorption coeﬃcient is calculated as
α = 1 − |R|2 .

(10)
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Table I. Parameters for JCAPL model.
SC
47.80
47.80
1.382
2.161
1.418
2.545
6.309
1.636
3.049
3.049

FCC
26.18
26.17
1.610
2.637
1.851
0.1781
0.7035
0.6395
1.181
1.181

BCC
32.19
32.19
1.467
2.213
1.345
0.5104
1.015
0.9832
1.581
1.581

Simple cubic
1
0.8

α [-]

Unit
%
%
10−9 m2
10−9 m2
10−4 m
10−4 m
10−4 m

0.2
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N=20

N=30

N=40

0
0

2

4

6

8

10

f [kHz]

3.2. Equivalent fluid model
As normal incidence is studied here, the model of
equivalent ﬂuid is a one-dimensional one, see Fig. 2b.
The porous layer is represented by a layer of an equivalent ﬂuid with thickness L. It can be easily shown
that for the individual sphere packing, the layer thickness is
LSC = 2N r,
2
LBCC = √ (N + 1)r,
3
h
i
√
LFCC = 2 + 2(N − 1) r,

0.6
0.4

(11)

Figure 3. Absorption coeﬃcient of a layer of N spheres;
simple cubic packing; N is the number of spheres across
the layer; DNS (markers), JCAPL model (lines).

Body centered cubic
1
0.8

alpha [-]

Parameter
φ
φ (theor.)
α∞
α0
α0′
k0
k0′
Λ
Λ′
Λ′ (theor.)

0.6
0.4
0.2
N=10

N=20

N=40

N=60

0

where N > 1 is the number of the spheres across the
layer, and r is the spheres’ radius.
The eﬀective parameters ρc , Kc are calculated employing formulas (5) and (6). The eight parameters of
the JCAPL model are calculated in COMSOL Multiphysics following the procedure described in [5, 6].
The porous surface speciﬁc acoustic impedance is calculated by formula, see e.g. [1]
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Figure 4. Absorption coeﬃcient of a layer of N spheres;
body centered cubic packing; N is the number of spheres
across the layer; DNS (markers), JCAPL model (lines).

Face centered cubic

(12)

1

where Zc and kc are given in Eq. (3). From here, the
absorption coeﬃcient is calculated using Eqs. (9) and
(10), the impedance Z(M ) is replaced by Zs though.

0.8

N=4

α [-]

Zs = −jZc cot(kc L),

N=10

N=20

N=30

0.6
0.4
0.2

4. Numerical results
As the ﬂuid, air at normal conditions was assumed,
the distance between the neighbouring ‘touching’
spheres was set to s = 1 mm and the spheres’ radius
(for the computational convenience) as r = 0.999 s/2.
The parameters for the JCAPL model are given
in Tab. I together with corresponding analytical values of the porosity and thermal characteristic length,
which can be calculated easily using analytical formulas, see [1, 5, 6]. The mesh-convergence study and
the comparison with the analytical results indicates
that the parameters should be determined with the
accuracy of at least three signiﬁcant digits.
Figures 3–5 show the comparison of the frequency
characteristics of the absorption coeﬃcient of sphere
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Figure 5. Absorption coeﬃcient of a layer of N spheres;
face centered cubic packing; N is the number of spheres
across the layer; DNS (markers), JCAPL model (lines).

layers with diﬀerent thicknesses and the sphere packing, as calculated employing direct numerical simulation (markers) and the JCAPL model (lines). In the
ﬁgures, N represents the number of the spheres across
the layer. It can be seen that both the computational
approaches provide very similar results, even though
there are some discrepancies, especially in the case of
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the BCC packing and N = 10, see Fig. 4. Subsequent
reﬁnement of the mesh has shown that this discrepancy is not caused by a numerical error; moreover, the
situation improves with the number of the spheres N
in the layer, as it can be expected.
In order to obtain this good agreement (Figs. 3 –
5), we had to use the maximum ﬁnite-element size
of 1/10 of the cubic cell size and 5 mesh-boundarylayers within the viscous boundary layer thickness
along the no-slip surfaces. The boundary layer thickness was calculated and the computational mesh was
re-generated for each of the frequencies of interest.
Most of the calculations were performed on a desktop computer with 128 GB of RAM, it was observed
that the amount of allocated memory increased with
frequency.
Figure 6 shows the comparison of the absorption
properties of layers with individual packaging types;
in all the cases, the number of spheres across the layer
is the same, N = 30. It can be observed that the frequency of the ﬁrst absorption peak diﬀers for individual packing types, which is partly caused by the
fact that for given N , the layer widths are diﬀerent
(in this case, LSC = 30 mm, LBCC = 17.9 mm, and
LFCC = 21.5 mm). It can also be seen, that the difference between the absorption coeﬃcient peaks and
troughs are much bigger for the SCC and BCC packings than for the FCC packing – the former two ones
have ‘more resonant’ character.
Figures 7–8 show the comparison of the absorption
coeﬃcient for individual types of sphere packing, however, in this case, the layer widths are approximately
the same (there are diﬀerent number of spheres N
across the layer).
In Fig. 7, SC: N = 34, LSC = 34 mm, BCC: N = 58,
LBCC = 34.06 mm, FCC: N = 48, LFCC = 34.23 mm.
In Fig. 8, SC: N = 64, LSC = 64 mm, BCC: N = 110,
LBCC = 64.08 mm, FCC: N = 90, LFCC = 63.93 mm.
It can be observed in the ﬁgures that as the layers
for individual sphere packings have the same width,
the ﬁrst resonance can be found at approximately
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Figure 7. Absorption coeﬃcient for layers with diﬀerent
sphere packing, but approximately the same width L ≈
34 mm; calculated employing JCAPL model; SC: N = 34,
BCC: N = 58, FCC: N = 48.

L = 64 mm
1
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α [-]

Figure 6. Absorption coeﬃcient of layers with N = 30
spheres across the layer and individual sphere packings;
DNS (markers), JCAPL model (lines).
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Figure 8. Absorption coeﬃcient for layers with diﬀerent
sphere packing, but approximately the same width L ≈
64 mm; calculated employing JCAPL model; SC: N = 64,
BCC: N = 110, FCC: N = 90.

the same frequency. The absorption characteristics
for the SC packing has the most prominent resonant
character of all the sphere packings. For bigger layer
widths, it can be said that the SC packing outperforms the BCC and FCC one with the smallest number of spheres across the given layer width.

5. Conclusions
Within this work, it has been shown that 3D DNS
of poroacoustic processes can be performed on contemporary personal computers if the corresponding
geometry allows reducing the volume of the computational domain. As an example, absorption characteristics of diﬀerently-packed sphere-layers were studied.
The obtained numerical results are mesh-converged,
and a very good agreement with the results provided
by equivalent-ﬂuid-model (JCAPL) has been found.
Even if the 3D DNS are much slower than the calculations employing models of equivalent ﬂuid, they oﬀer
the possibility to study e.g. the conﬁgurations with
stratiﬁed properties. Nevertheless, it should be men-
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tioned, that from the computational point of view,
it is much easier to study the conﬁgurations/cases
where the ratio of the characteristic micro-structure
geometrical details dimensions and the viscous boundary layer thickness is not too big.
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