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This article presents research on modelling baffles with the desired properties of the sound
absorption coefficient (SAC). The purpose of the study was to model and compare the SAC
values based on selected theoretical models with the results obtained from measurements of
this coefficient in panels made of foamed polypropylene. The assessment of sound absorption
properties was carried out using two theoretical models: the Johnson–Champoux–Allard (JCA)
model and the Sgard model. The accuracy of the calculated SAC was verified based on labora-
tory measurements of this parameter for selected material configurations, using the technique
of two microphones in an impedance tube. Both theoretical and experimental studies were
conducted on porous materials in the form of granules. The application of the Sgard model
yielded the best results, with the smallest discrepancies in relation to the experimental tests.
The results can be used to improve the SAC and efficiency of acoustic panels whose basic
material is foamed polypropylene.
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1. Introduction

Porous structures have been widely used in noise reduction due to their ex-
ceptional sound-absorbing properties [4]. Many fields of industrial applications
use a variety porous materials to meet the requirements of noise reduction,
which nowadays are driven by regulations [2]. Research in this area has included
numerous numerical and experimental studies using different types of porous
materials. These materials consist of a range of organic or inorganic substances
such as foams, granular materials, felts, conglomerates and other metamateri-
als. Several papers [13, 27] have confirmed that polymer-based synthetic fibrous
material exhibit very promising sound absorption (SA) properties. All of these
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materials have structures with different pore sizes (from nanometers to millime-
ters), are characterized by either an ordered or irregular arrangement of pores,
and are obtained by different manufacturing processes/approaches. However, the
macroscopic structure of the material is the basis of this classification. Based on
the structure, SA materials can be cellular, fibrous, or granular [6]. Research, has
focused on materials of granular structure, namely foam polypropylene panels
(FPPs), which are of great interest, to the building industry.
There are several acoustic parameters that determine the categories of sound-

absorbing properties of porous structures. The amount of energy accumulated
by a material in proportion to the total energy incident on it, is denoted as
the sound absorption coefficient (SAC). This parameter is determined, among
other things, by measuring the SAC of the sample in the impedance tube or the
reverberation chamber.
An exact test and computational method using two and four microphones

were described for porous materials in [19]. The authors took into account the
influence of sensitivity to the value of the sound absorption index, which allowed
the identification of input parameters that may cause measurement uncertainty.
It is worth mentioning that the value of the parameters may vary significantly
depending on the model [8]. Several other factors associated with the sound
absorption of porous materials, such as thickness and air gap thickness, the fiber
size, density, porosity, the resistivity of air flow, etc., must also be considered.
A comprehensive study of these factors has been conducted extensively in the
literature [12].
Many theoretical models are available to predict the physical behavior of

porous materials [7]. To improve sound absorption over a wide frequency range,
both theoretical and experimental studies were carried out on materials with
double porosity. A panel with perforated holes of gradually changing radius was
considered in [20] and the shape of the fiber cross sectional and its impact on the
acoustic properties of porous materials was analyzed in [14]. Selected theoretical
models and a numerical model for materials with double porosity confirm the
acoustic properties obtained during experimental tests.
The incident SAC perpendicular to a porous material can be predicted us-

ing empirical and theoretical methods. Empirical methods were developed on
the basis of regression models, which rely on a large number of measurements
of impedance and flow resistivity in porous materials [11, 17, 24]. Theoretical
methods focus on the analysis of sound propagation in materials. The meth-
ods presented in [4, 5, 9, 18] use various parameters and physical properties to
determine the impedance value and the absorption coefficient of sound. The
experimental results are reflected in the numerical predictions. The predic-
tion accuracy of the SAC has been published for several impedance prediction
methods [21].
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In this research, we compare the experimental results for FPP with the re-
sults of two theoretical models that have been developed over the years: the
Johnson–Champoux–Allard (JCA) model [4] and the Sgard model [25]. This
comparison allowed to select the proper model that shows the smallest dis-
crepancy from the measurements. To validate the selected theoretical models,
we carried out experimental studies of sound absorption on a test bench in an
impedance tube. As part of the improvement of the calculation methods, a sim-
ulation of the sound absorption of a structure with a fragment of a porous ex-
panded polypropylene panel was carried out. The results can be used to shape
the frequency response to improve the SAC and efficiency of acoustic panels
whose basic material is foamed polypropylene.

2. Material data

The study focused on material in the form of granules made of foamed porous
polypropylene marked ARPRO 4025, ARPRO 4036 and ARPRO 5136 (further
referred to as A.4025, A.4036 and A.5136). A panel made from this material is an
example of a lightweight dual-purpose panel that has good sound-absorbing and
insulating properties. It is characterized by properties such as abrasion resistan-
ce surface, impact resistance, fire resistance of class A, and moisture resis-
tance. The structure of the material does not contain glass or non-fibrous mate-
rials. The manufacturer of the material in the form of granules is ARPRO, while
the described dual-purpose panel is produced by the Polish company Pro EPP.
Figure 1 shows samples of materials in a round shape, which corresponds to the
SAC result of the tests (discs with a diameter of 34.25 mm). Table 1 provides
information on the physical and acoustic properties of the materials based on
samples of the same materials.

a) b) c)

Fig. 1. Samples of expanded porous polypropylene materials:
a) ARPRO 4025, b) ARPRO 4036, c) ARPRO 5136.
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Table 1. Selected parameters of the tested materials.

Material Weight
[mg]

Size
[mm]

Hole size
[mm]

Bulk density
[g/m3]

Thickness
[mm]

A.4025 1.5 2.0–6.0 1–3.5 23.0–27.0 27

A.4036 1.5 2.0–5.0 1–3 34.0–38.0 27

A.5136 1.2 2.5–4.5 – 33.0–37.0 27

3. Poroacoustics models

As mentioned in the Introduction, over the years, several attempts have been
made to develop mathematical models that adequately represent the effective
frequency-dependent propagation and energy dissipation in porous materials.
However, the exact values cannot be calculated in a simple way due to the com-
plexity of the problem and the large number of influencing factors on the esti-
mated parameters. Therefore, it is reasonable to compare the calculation results
with experimental results to assess the accuracy of the model.
The subjects of the study are granules in the form of a porous panel with

perforation holes, as shown in Fig. 2. The first layer of individual granules is as-
sumed to be orientated in the same direction, perpendicular to the sound source
and flow direction, and placed on a rigid back wall. Similarly, all perforated
holes are directly aligned with the sound wave. The panel was assumed to con-
sist of tightly adherent granules and perforated holes of the same shape. Each
individual cell can be described as a porous material with micropores and a hole
as a perforation. For materials of expanded porous polypropylene, the consid-
ered here two models are used for calculations: the Johnson–Champoux–Allard
model [5] and the Sgard [25] model.

Fig. 2. Porous granule panel with perforation holes with rigid back wall.

3.1. The Johnson–Champoux–Allard model

The well-established Johnson–Champoux–Allard (JCA) model describes the
viscous-inertial effects occurring and dissipating inside porous media. It is com-
monly used to model the propagation of sound in porous, air-filled media. The
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JCA model takes into account physical non-acoustic parameters such as poros-
ity ϕ, static flow resistivity σ, tortuosity α∞, and the viscous and thermal char-
acteristic lengths Λ, Λ′ [5].
According to Johnson, Koplik, and Dashen the effective density of air in

porous materials is given by [14, 16]:

(3.1) ρe = α∞ρ0

[
1 +

σϕ

iωα∞ρ0

(
1 + i

4ωα2
∞ρ0η

σ2Λ2ϕ2

)1/2
]
,

where ρ0 is the air density in free space, ω is the angular frequency, associated
with the frequency f , according to the relation ω = 2πf , α∞ is responsible
for the value of the upper limit of the tortuosity, η is the viscosity of the air,
σ denotes the static air resistance, ϕ expresses the value of porosity, Λ is the
viscous characteristic length. On the other hand, according to Champoux and
Allard, the dynamic bulk modulus of air in porous materials is given by [10, 14]:

(3.2) Ke =
γP0

γ − (γ − 1)

[
1 + 8η

iωρ0B2Λ′2

(
1 + iωρ0B

2Λ′2

16η

)1/2
]−1 ,

where P0 is the atmospheric pressure, γ is the coefficient of specific heat of the
air, and B2 is the Prandtl number.
The panel is assumed to be an isotropic porous material, and the normal

sound absorption coefficient α0 of the panel was determined as [4]:

(3.3) α0 = 1−
∣∣∣∣Zs − ρ0c0
Zs + ρ0c0

∣∣∣∣2 ,
where Zs determines the surface impedance for porous materials located on
a rigid wall and is expressed as [26]:

(3.4) Zs = −Zc cot(kd).

In the above expression Zc denotes the characteristic impedance, k is the
complex wavenumber, and d is the thickness of the material. The impedance Zc

and the wavenumber k can be determined from the effective density ρe and the
bulk modulus Ke as follows:

(3.5) Zc =

√
ρeKe

ϕ
and k = ω

√
ρe
Ke

.

The coefficient values for the JCA model used in the calculations are sum-
marized in Table 2.
Measurements of the absorption coefficient performed and discussed in Sec. 4

were used to evaluate the accuracy of the JCA model.
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Table 2. Acoustic parameters of porous materials for the JCA model.

Material σ
[kPa · s ·m−2]

α∞ ϕ
Λ
[m]

Λ′

[m]

A.4025 20 1.22 0.43 5.00E−05 1.00E−04
A.4036 25 1.22 0.53 5.00E−05 1.00E−04
A.5136 30 1.36 0.68 5.00E−05 1.00E−04

3.2. The Sgard model

The Sgard model focuses on materials known as mesoperforated materials,
commonly referred to as double porosity materials. This analytical model as-
sumes that the medium is periodic and stationary in space, and there is a dif-
ference between the size of micro and meso perforations. Acoustic performance
is governed by the size of the perforation, porosity and the aspect ratio, which
depends on the shape of the perforation and the arrangement of the pores [25].
The Sgard model, similarly to the JCA model, contains some input param-

eters describing the material, including: porosity ϕm, static flow resistivity σm,
tortuosity α∞m , viscous and thermal characteristic lengths Λm, Λ′

m, thermal
permeability Θm(0), the radius of the hole R, and meso-porosity ϕp.
Similarly, a material with the described parameters of given values was con-

sidered. The parameters with the index m characterize the properties of the
material with micro-perforations, while the parameter with the index p cor-
responds to meso-perforations. The values of the individual parameters were
determined based on available data and collected in Table 3.

Table 3. Acoustic parameters of porous materials for the Sgard model.

Material σ
[kPa · s ·m−2]

α∞ ϕ
Λ
[m]

Λ′

[m]
Θm ϕp R

A.4025 20 1.22 0.43 5.0E−05 1.0E−04 1 0.99 2.0E−03
A.4036 25 1.22 0.53 5.0E−05 1.0E−04 1 0.99 1.7E−03
A.5136 30 1.36 0.68 5.0E−05 1.0E−04 1 0.99 1.2E−03

The characteristic impedance and propagation constant in a dual-porosity
medium during sound propagation parallel to the pores were determined using
the following expressions [25]:

(3.6) Zc =
√
ρdpKdp and k = ω

√
ρdp
Kdp

.

The generalized Darcy’s law, analogous to single-porosity media, accounts
for dynamic permeability Πdp and bulk modulus Kdp depending on the meso-
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geometry. The effective density ρdp is related to dynamic permeability by the
following relationship:

(3.7) ρdp =
ηf

jωΠdp
,

where ηf represents the dynamic viscosity of the fluid. If a single cell consists of
a cylindrical shape of a radius R, the dynamic permeability of the material in
the perpendicular direction is given by [22, 23] as:

(3.8) Πdp = (1− ϕp)Πm −Πp,

where Πp represents the dynamic permeability of a single-porosity medium with
a microporous structure and Πm represents the dynamic permeability in the
direction normal to the medium consisting of a network of pores, where the mi-
croporous part has been replaced by an impermeable material. The value of Πm

can be calculated using, for example, the Johnson model [16].
Authors [22, 23] also proposed the dynamic bulk modulus Kdp for a double-

porosity material as:

(3.9) Kdp =

 1

Kp
+ (1− ϕp)

Fd

(
ω P0

ϕmKm

)
Km

−1

,

whereKp andKm are, respectively, the dynamic bulk moduli of a single-porosity
medium and a medium consisting of a network of pores, where the microporous
part has been replaced by an impermeable material. The parameter P0 denotes
the static ambient pressure, while Fd is a frequency-dependent function that
represents the ratio of the pressure in the micropores to the pressure in the
pores of the material. In this context, the surface impedance Zdp of the material
with thickness e and backed by the material with surface impedance Zs is given
by [25]:

(3.10) Zdp = Zc
Zc − jZs cot ke

Zs − jZc cot ke
.

The Sgard model is described in detail in [25] with a specification of equations
and relationships. On their basis, the absorption coefficient of sound incident
perpendicular to the surface is given by [25]:

(3.11) α =
4Re [zdp]

(Re [zdp] + 1)2 + Im [zdp]
2 ,

where zdp is given by:

(3.12) zdp =
Zdp

ρacα
.
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The parameters ρα and cα are the density and sound speed in the medium
through which the incident wave propagates. The symbols Re and Im denote
the real and imaginary parts of the Zdp component, respectively.

4. Experimental research on the sound absorption coefficient
of normal incidence

The experimental research was carried out in the Laboratory of Modelling
Acoustic Phenomena of the University of Rzeszów. The SAC was determined us-
ing a Siemens impedance tube, type Mecanum Inc. S/N: 2444-408. A schematic
diagram of the impedance tube used is shown in Fig. 3. The system performs
measurements according to a specific standard: PN-EN ISO 10534-2:2003 and
ASTM E-1050, ASTM E-2611 (TL) [1, 3, 15]. The test stand and measuring de-
vice were the same as in the tests described in [19]. The laboratory bench speci-
fication was based on a Siemens impedance tube, type Mecanum Inc., a Siemens
LMS SCADAS Mobile analyzer, a computer with Simcenter Testlab software,
and PCB measurement microphones type 378A14 1/4′′, spaced at 65 or 29 mm
intervals for low and high frequencies, respectively. The microphones were cali-
brated and the calibration parameters were set to 114 dB at 1000 Hz. The SAC
has been determined on the basis of averaged results in the frequency range of 50
to 5700 Hz. Measurements were made for the atmospheric conditions that pre-
vailed in the laboratory, that is, at a temperature of 20◦C and an atmospheric
pressure of 1000 hPa.

Fig. 3. Schematic diagram of an impedance tube used for measuring the sound attenuation
coefficient.

The experimental procedure involved testing three types of granules of differ-
ent bulk density, grain fractions, and shapes, all made of expanded polypropy-
lene. As intended, the samples were prepared for measurement in such a way
that the first layer of individual granules was oriented in the same direction,
perpendicular to both the sound source and flow direction. The subsequent lay-
ers were randomly filled with granules in such a way as to ensure free friction
between successive particles. The measurement samples, with a cylinder shape
with a diameter of 34.25 mm and a length of 27 mm, were assumed.
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5. Analysis and comparison of results

Experimental studies of sound absorption were carried out to validate the
proposed theoretical models: the JCA model and the Sgard model (the double
porosity materials). The sound absorption performance was determined for ma-
terials with double porosity in the form of granules with perforated holes. The
single cell under consideration, shown in Fig. 2 has a thickness of 27 mm, a di-
ameter of 34.25 mm, and a perforated hole profile of 1–3 mm depending on the
material. Physical parameters and characteristic acoustic parameters such as
porosity ϕ, static flow resistivity σ, tortuosity α∞, and the viscous and thermal
characteristic lengths Λ and Λ′ are collected in Tables 1 and 2. A comparison of
the SAC for the described theoretical models and experimental measurements
of the granules is shown in Figs. 4, 5, and 6.

Fig. 4. SAC: comparison of the JCA model, the Sgard model, and measurement
for the 4025 material.

Fig. 5. SAC: comparison of the JCA model, the Sgard model, and measurement
for the 4036 material.
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Fig. 6. SAC: comparison of the JCA model, the Sgard model, and measurement
for the 5136 material.

It can be seen that the best agreement between the theoretical methods
and the measurements of the porous materials considered was obtained for the
Sgard model. The selected model quite effectively reproduced the absorption
coefficient of both Type 4025 and Type 5136 samples across the full frequency
range (Figs. 4 and 6). The certain small discrepancy that can be observed be-
tween the Sgard model and the measurement results in Fig. 6 can be explained
by the arrangement of the sample. The first layer of the sample tested was
placed strictly perpendicular to the sound sources, while each subsequent layer
was randomized, which could affect the results.
In the case of the sample Type 4036, the Sgard model retained the charac-

teristic transitions and resonant frequencies, however, at higher frequencies, i.e.,
above 2500 Hz, it exhibited a bit higher values of SAC than those observed in
the measurements. On the other hand, the JCA model showed even higher SAC
values, with an extremum of SAC = 0.95, calculated theoretically, occurring at
f = 1800 Hz, which is clearly below the values obtained from the measurements.

6. Summary and conclusions

Several papers have confirmed that polymer-based porous structures exhibit
very promising SACs; however, the acoustic behavior of these materials is in-
fluenced by several parameters such as the size of the perforation, the porosity
of the material, and the shape of the individual piece, all of which directly af-
fect the performance of the SAC. Currently, there remains a need for methods
to design/determine SAC values depending on the various applications of the
sound-absorbing structures.
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The purpose of the research was to compare theoretical methods for de-
termining the SAC with experimental results for panels made from expanded
porous polypropylene materials, namely: ARPRO 4025, ARPRO 4036, and
ARPRO 5136.
It can be seen from the obtained results that the frequency characteris-

tics of the materials considered based on expanded porous polypropylene can
be efficiently designed with the Sgard theoretical model. This model demon-
strated strong consistency with the characteristics obtained from measurements.
The small difference between the Sgard model, predictions, and the measure-
ment characteristics, as shown in the figures, may result from several factors.
These include difficulties in estimating some of the parameters and physical
properties required to determine the absorption coefficient in the Sgard model
and the arrangement of granules in the layers of test samples. The findings can
be used to improve the SAC of acoustic panels made from foamed polypropylene.
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