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ABSTRACT

The transfer matrix method (TMM) has become an established and widely used approach to compute the sound
absorption coefficient of a multilayer structure. Due to the assumption made by this method of laterally infinite
media, it is necessary to introduce in the computation the finite-size radiation impedance of the investigated system,
in order to obtain an accurate prediction of the sound absorption coefficient within the entire frequency range of
interest; this is generally referred to as finite transfer matrix method (FTMM). However, it has not been exten-
sively investigated the possibility of using the FTMM to accurately approximate the sound absorption of flat porous
samples experimentally determined in an Alpha Cabin, a small reverberation room employed in the automotive
industry. To this purpose, a simulation-based round robin test was organised involving academic and private re-
search groups. Four different systems constituted by five porous materials, whose properties were experimentally
characterised, were considered. Each participant, provided with all the mechanical and physical properties of each
medium, was requested to simulate the sound absorption coefficient with an arbitrary chosen code, based on the
FTMM. The results indicated a good accuracy of the different formulations to determine the finite-size radiation
impedance. However, its implementation in the computation of the sound absorption coefficient, as well as the
upper limit of the range of incidence angles within which the acoustic field is simulated, and the model adopted to
describe each material, significantly influenced the results.
Keywords: sound absorption; transfer matrix method; finite size correction; radiation impedance; Alpha Cabin
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1 Introduction

The transfer matrix method (TMM) has become an established approach used to compute the sound absorption coef-

ficient as well as the sound transmission loss of a given multilayer system. However, it is well known that a reliable char-

acterisation of the materials’ properties is a necessary but not sufficient condition to guarantee that the computed diffused

sound absorption coefficient accurately approximates, within the entire frequency range of interest, the results measured in

a reverberant chamber, according to the standards ISO 354 [1] or ASTM C423 [2]. In fact, it is also necessary to apply a

correction to take into account the finite size of the samples [3], as explained in Chapter 12 of reference [4]. This is done

by introducing into the computation the radiation impedance of the investigated structure, which depends on its geometry,

on the angle of incidence of the impinging sound wave, and possibly on the propagation direction of the structural wave.

Different reliable formulations to compute such radiation impedance can be found in the literature. ISO 354 is the inter-

national reference standard for random incidence sound absorption measurements, performed in a reverberant room with a

volume generally between 200 m3 and 250 m3. Random incidence sound absorption measurements are significantly affected

by the degree of diffusiveness of the sound field in the reverberant room. In fact, the assumption of a perfectly diffused om-

nidirectional sound field, on which the sound absorption measurement is based, might not occur within the entire frequency

range, especially when the testing sample is inside the room [5]. Moreover, at the lower frequencies, the measured sound

absorption can also be overestimated due to the sample’s edge effect [6, 7]. Although these aspects can affect even more

significantly measurements made in small rooms, there is a growing interest in the use of smaller test facilities to evaluate

the sound absorption coefficient of porous materials in many industrial fields [8]. The so called Alpha Cabin is a smaller

reverberation room, which has been largely utilised in the automotive industry for the measurement of acoustic absorption

properties of materials and components employed in noise control and sound insulation of vehicles. The Alpha Cabin test

facility is significantly smaller than a standard reverberation room, with a volume varying approximately between 6 and

7 m3. Some studies have investigated the possibility to accurately predict sound absorption measured in an Alpha Cabin

using the TMM approach [9, 10]. Nevertheless, to the best of our knowledge, at the moment there is no evidence that the

finite-size correction is also suitable to accurately approximate the sound absorption of flat porous samples experimentally

determined in the Alpha Cabin test rig. To this purpose, four different rectangular and planar systems were tested in the

Alpha Cabin originally developed by Rieter, a Swiss company based in Winterthur. Moreover, their elastic characteristics

and their physical parameters were experimentally determined in the Acoustic Laboratory of the University of Ferrara. In

order to extend this study to different commercial or in-house implemented codes, we asked academic and private acoustic

research groups to compute the random incidence sound absorption coefficient of such systems, with the provided acoustic,

elastic and physical properties of each material considered. In the next section, the basic concepts of the transfer matrix

method and the finite-size radiation impedance are recalled, and the different models used to describe wave propagation in

porous materials are presented. In section 3, the investigated systems are described and the research groups which took part

to this inter-laboratory test are introduced. The results are presented and discussed in section 4. Finally, conclusions are

drawn in section 5.
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2 Sound absorption measurements and computation

2.1 Alpha Cabin measurements

The random incidence sound absorption coefficient of four porous systems, introduced in section 3, was experimentally

evaluated in an Alpha Cabin. This small reverberation chamber with non-parallel walls has a volume of 6.44 m3 and

maximum reverberation time equal to 2.5 s. It was originally developed as a dimensional scale reduction of 1:3 of the full-

size reverberation room at the Swiss Laboratory of Material Testing and Research Institute (EMPA) in Dübendorf. The cabin

is equipped with diffusing curved panels hanging from the lateral walls, and a conic-shaped diffuser mounted on the ceiling,

as shown in Fig. 1. The sound field inside the Alpha Cabin is generated by the three loudspeakers, driven with either white

Fig. 1. Diagram of the Alpha Cabin used for the experimental investigation of the systems: the blue circles represent the position of the three
sound sources; the purple circle represents the microphone; the red rectangle is the 1.2 m2 sample.

noise bursts, or a sine sweep signal. The reverberation time is determined in one-third octave bands, by averaging over five

different microphone positions equally spaced in a circle at a height of 90 cm from the floor, in the first case according to the

interrupted noise method, in the latter by means of the integrated impulse response method. The volume of the cabin allows

for a cut-off (or minimum) frequency of approximately 300 Hz, above which the acoustic field of the reverberation room

has the potential to be diffused [11, 12]. Measurements are taken in one-third octave bands within the frequency range 400

Hz-10000 Hz . All the tested systems, with a surface of S = 1.0m×1.2m = 1.2m2, were inserted into a metal frame in order

to reduce the border effects [13]. The same frame was left inside the cabin in order to determine the equivalent absorption

area of the empty chamber. The sound absorption coefficient of the specimen tested in the Alpha Cabin is determined,

consistently with the measurement in a normal-size reverberation room, from the classical formula based on Sabine’s theory,

with minor adjustments:

αs = 0.92
[

0.163
V
S

(
1
T2
− 1

T1

)]
(1)
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where T1 and T2 are the Cabin reverberation times measured respectively without and with the specimen. It can be observed

that Eq. (1), consistently with the current ISO 354, does not account for the fact that, with the specimen inside the room,

it would be necessary to subtract the surface of the tested sample, in order to correctly compute the equivalent absorption

area of the empty room. Unlike in ISO 354, the air contribution on sound absorption is not taken into account in Eq. (1).

However, since the temperature in the cabin t and especially the relative humidity RH play a substantial role, it is important

to maintain a stationary condition with t ≈ 18◦−25◦ and RH ≤ 50% during the measurement (the recommended temperature

range and relative humidity may slightly change according to the producer’s manual). The correction factor equal to 0.92

was introduced in order to take the edge effect into consideration and to avoid the absorption coefficients obtained in the

Alpha Cabin substantially exceeding 100%. Such a value was determined by comparing the Alpha Cabin sound absorption

coefficient with the results obtained in Empa’s full-scale reverberation room. According to the manual of the Alpha Cabin, a

tolerance equal to ±0.035 was found in the 500 Hz octave and about equal to ±0.025 in the octave bands from 1000 Hz to

8000 Hz.

2.2 The Transfer Matrix Method framework

The transfer matrix method [14–16], (TMM) is a widely used computationally-efficient approach to investigate wave

propagation in laterally infinite multilayer structures considering different media, such as elastic solids, rigid and elastic

framed porous materials, membranes, resonators, porous and impervious screens. Considering an acoustic plane wave

incident with an angle θ on the surface of the investigated structure, backed by a rigid wall, it is possible to calculate its

sound absorption coefficient as

α(θ) = 1−|R(θ)|2 = 1−
∣∣∣∣Zs (θ)cosθ−Z0

Zs (θ)cosθ+Z0

∣∣∣∣2 (2)

where R is the complex reflection coefficient, Z0 the characteristic impedance of the air and Zs the surface acoustic impedance

of the element, given by the ratio of the sound pressure to the particle velocity on the excited surface of the layered structure.

The surface acoustic impedance Zs is determined by the global transfer matrix which describes wave propagation through the

layered structure. The size of this matrix depends on the number of layers this structure consists of and on their nature. The

sound absorption coefficient is dependent upon the angle of incidence θ of the impinging plane wave. The sound absorption

coefficient for a diffused sound field excitation can be computed as

αd =

∫ π/2
0 α(θ)cosθsinθdθ∫ π/2

0 cosθsinθdθ

(3)

Due to the assumption of laterally infinite media, deviation between predicted and experimental absorption coefficient is

usually found at low frequencies. In order to increase the accuracy of the results, the finite-size radiation impedance to
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airborne excitation ZR (θ,φ) is introduced in the computation, which depends on both the incidence angle of the acoustic

wave θ and the azimuthal angle on the structure’s plane φ. However, in case of isotropic media, this can be replaced by

ZR,avg (θ): its average over the azimuthal angle φ. Introducing the finite-size correction, the diffuse field incidence sound

absorption coefficient can be expressed as

αd =

∫ π/2
0

4R{Zs(θ)}
|Zs(θ)+ZR,avg(θ)|2

sinθdθ∫ π/2
0 cosθsinθdθ

(4)

The application of the finite-size correction to the transfer matrix framework, which introduces the radiation impedance ZR,

is generally referred to as finite transfer matrix method (FTMM) [17]. According to chapter 12 of [4], a ’true’ absorption

coefficient can be computed by taking into account the geometric impedance seen by the incident wave as

αd,(true) =

∫ π/2
0

4R{Zs(θ)}
|Zs(θ)+ZR,avg(θ)|2

sinθdθ∫ π/2
0

4

|1+ZR,avg(θ)cosθ|2
cosθsinθdθ

(5)

The radiation impedance of a rectangular vibrating structure, with a and b indicating its length and width, is defined as

ZR (θ,φ) =
∫ a

0

∫ b

0

∫ a
′

0

∫ b
′

0
wn (x,y)G

(
x,y,x

′
,y
′
)

w∗n
(

x
′
,y
′
)

dadbda
′
db
′

(6)

where wn is the plate’s vibrational field distribution, the superscript ∗ indicates the complex conjugate and G represents the

half-space Green’s function:

G
(

x,y;x
′
,y
′
)
= e jk0R (2πR)−1 (7)

where R =

√(
x− x′

)2
+
(
y− y′

)2 and k0 the acoustic wavenumber. Different reliable formulations to compute the finite-size

radiation impedance can be found in the literature. A thorough review of most of these different approaches was presented

by Bonfiglio et al. [3], related to both sound absorption coefficient and sound transmission loss [18]. Nevertheless, all the

formulations, considered in this inter-laboratory test, are briefly summarised below. Thomasson [19, 20] investigated the

relationship between the size of the sample and the absorption coefficient, and derived, by means of a variational approach,

a specific radiation impedance to take into account the influence of the finite geometry of the panel. Villot et al. [21, 22]

proposed a spatial-windowing technique to take into account the structure’s dimensions in sound transmission and sound ra-

diation problems, deriving a formulation for the real part of the normalised radiation impedance (i.e. the radiation efficiency)
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within the wavenumber domain. Vigran [23] proposed a one-dimensional simplification based on the spatial windowing

approach for sound transmission problems through isotropic materials. Even though this formulation was specifically de-

rived to be applied to sound transmission computation, it was somehow implemented in a commercial software based on

the TMM framework to also take into account the finite-size of the specimen in sound absorption problems. Unfortunately,

further details are not available in the manual. Ghinet and Atalla [24] proposed a general expression for radiation impedance

based on the Rayleigh integral. The main drawback of this approach is its high computational cost. Rhazi and Atalla [25]

presented an analytical derivation to implement a more efficient formulation. Moreover, a faster and accurate formulation

to compute the radiation impedance was proposed by Bonfiglio et al. [3], although, similarly to the approaches proposed by

Thomasson and Vigran, it requires that the structure’s aspect ratio be not far from a square one, and it cannot be applied to

orthotropic media. These are the models, available in commercial software or in-house implemented codes, which we were

able to compare in the inter-laboratory test presented here.

2.3 Modelling sound propagation in porous media

Within the TMM framework, introduced in section 2, acoustical porous media can be modelled as equivalent-fluids,

considering a rigid and motionless frame. To this purpose, Delany and Bazley [26] developed an empirical model which

only requires the thickness of the sample h and the material airflow resistivity σ as input data. Miki [27, 28] modified this

model, introducing two more physical parameters: the open porosity φ and the tortuosity α∞. Several models were developed

in order to investigate different fibrous, porous or granular materials. One of the most used and implemented in commercial

software is the equivalent fluid model commonly known as Johnson-Champoux-Allard (JCA), which takes into account both

the visco-inertial effects [29] and the thermal effects [30]. This model, introducing the viscous and thermal characteristic

lengths Λ and Λ
′
, is based on five physical parameters. The JCA equivalent fluid model can also be used for limp materials,

taking into account an additional parameter, represented by the equivalent effective density ρlimp, to consider the inertia of

the frame [31]. Besides, perforated plates and screens can also be easily modelled as a porous medium [32]. The equivalent

fluid simplification, which assumes that the solid frame is motionless, can be used for frequencies above the decoupling

frequency, since, due to the weak coupling between the solid and the fluid phase, the acoustic wave will induce negligible

vibration in the solid frame [4]. Below this frequency limit, it is necessary to adopt a poro-elastic model, which considers

wave propagation both in the elastic frame and in the fluid saturating the open pores, by means of Biot’s theory [33,34]. The

fluid phase is described by the 5 parameters of the JCA model. In addition, the properties characterising the solid frame are

also required; these are the sample’s density ρ, the material elastic modulus E, its loss factor η and Poisson ratio ν. Bécot

and Jaouen [35] derived Biot’s equations for any acoustic model.

3 Materials and participants

The random incidence sound absorption coefficient of four different porous systems, shown in Table 1, was tested in

an Alpha Cabin. System #A was a 16 mm thick single layer of a micro-fibre material; system #B was an 11 mm layer

of a thermoplastic fibrous material; system #C was realised by coupling the same thermoplastic material as system #B
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Table 1. Models used by each participant to characterise the porous materials of the four tested systems.

System Mat. G01 G02 G03 G04 G05 G06 G07

#A 1 JCA JCA JCA Miki JCA
JCA
limp

JCA
limp

#B 2 Biot Biot Biot Miki Biot Biot
JCA
limp

#C
3

2

JCA1 - DB

Biot

JCA1

Biot

JCA1

Biot

-

Miki

JCA1

Biot

JCA1

Biot

Porous
facing
JCA
limp

#D
5

4

Biot

Biot

Biot

Biot

Biot

Biot
-

Biot

Biot

Biot

Biot

JCA
limp
JCA
limp

with a resistive screen, constituted by a woven fabric layer, glued on the receiving side; system #D was composed of a

different 17 mm thick thermoplastic material covered with a perforated aluminium foil. All the elements were planar and

rectangular, with a length of 1.2 m and a width of 1.0 m. The mechanical characteristics and the physical parameters of

these five materials were experimentally determined in the Acoustic Laboratory of the University of Ferrara and they are

provided in Table 2. The experimental characterisation of all the properties of each material ensured the reliability of the

input data used to evaluate the sound absorption coefficient of the four systems. More specifically, the airflow resistivity σ of

materials n. 1,2 and 4 was measured according to the alternating flow method, described in the standard ISO 9053 [37]2. The

porosity φ of these materials was measured according to the experimental procedure described in reference [38], based on

the isothermal compression of a give volume of air in which the sample of porous material is immersed [39]. Their tortuosity

α∞ was experimentally assessed by means of ultrasonic tests [40]. The viscous and thermal characteristic lengths Λ and

Λ
′

were evaluated according to an established inversion technique [41]. When required, the materials’ elastic properties

were determined through quasi-static uni-axial compression measurements [42]. The resistive screen layer, representing

material n. 3 in Table 2, was tested in an impedance tube with an air gap of 100 mm. Its airflow resistivity and its porosity

were determined according to the analytical approach proposed by Jaouen et al. [36]. The same approach was also used to

characterise the JCA parameters for the perforated aluminium foil (material n. 5 in Table 2), while its elastic properties were

taken from the literature.

As presented in the next section, the model’s accuracy was assessed by comparing the predicted results with the sound

1The 5 parameters required for the JCA model were obtained according to the procedure proposed in ref. [36]
2It was substituted by the standard ISO 9053-1: 2018 – Acoustics – Determination of airflow resistance Static airflow method, in which this method was

not included. Even though the alternating flow approach still be considered a scientifically reliable experimental method.
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Table 2. Mechanical and acoustic properties of the considered materials (experimentally evaluated).

Material

Geometry Elastic Properties Physical Parameters

h ρ E η ν σ φ α∞ Λ Λ
′

[mm] [kg/m3] [Pa] [−] [−] [Ns/m4] [−] [−] [µm] [µm]

1 16 34 - - - 19694 0.98 1.05 78 107

2 11 128 1.60E+05 0.15 0.05 115680 0.93 1.10 25 50

3 1 - - - - 680000 0.70 - - -

4 17 103 1.04E+05 0.12 0.02 26069 0.95 1.10 70 90

5 1 2600 6.30E+10 0.01 0.33 178000 0.06 1.00 250 250

absorption measured in the Alpha Cabin. In order to extend our study to different commercial or in-house implemented

codes, we asked seven different academic and private acoustic research groups to compute the random incidence sound

absorption coefficient of such systems, as mentioned above. We provided each participant with the mechanical and physical

properties, as given in 2, together with the system’s geometry, without further indications nor limitations. Each participant

was able to decide which model should be used to describe each layer and the formulation to evaluate the finite-size radiation

impedance, according to the possibilities offered by the software, either an in-house implemented code or a commercial one.

In order to respect the privacy of all the participants, the collected data are presented in anonymous form; both the identity of

the participants and the name of the software used are undisclosed. Nevertheless, the characteristics of each code employed

are summarised in Table 3, specifying for each participant whether a commercial software or an in-house implemented code

was used, the model adopted for each layer and which formulation was implemented to take into account the finite-size

radiation impedance of the system.

4 Results and discussion

Fig. 2 shows the comparison, in one-third octave bands, between the numerical results provided by each participant

group and the experimental sound absorption coefficient of system #A αExp,S#A, measured in the Alpha Cabin. In partic-

ular, in Fig. 2 a), Gi,FT MM,− j represents the results computed by the ith group with an FTMM-based code, evaluating the

geometrical radiation impedance ZR according to the jth model, as indicated in Table 3. These results were obtained con-

sidering the angle of incidence of the acoustic impinging plane wave within the range 0≤ θ≤ 90◦. In Fig. 2 b) the average

sound absorption αavg,FT MM , computed from the results given in the left-hand side graph, is compared with the experimental

results. The average sound absorption is plotted as a black dashed line, while the shaded area represents the maximum

positive and negative deviation found for each third octave band, computed as ε+ = max
(
αGi,FT MM,− j −αavg,FT MM

)
and

ε− = max
(
αavg,FT MM−αGi,FT MM,− j

)
. The chart also shows the results computed without considering the finite-size of the

structure, indicated with the subscript T MM . Moreover, some of the participants also provided the sound absorption computed

using a limited range of the incidence angle 0 < θ < 78◦, often referred to as field incidence. This is indicated with the sub-
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Table 3. Specification of the software used by each participant.

Software Available Medium Models Radiation Impedance Model

Group 1 In-house implemented

Elastic Solid
Delany-Bazley

Johnson-Champoux-Allard
Poroelastic

Bonfiglio et al. - B

Group 2 In-house implemented

Elastic Solid
Delany-Bazley

Johnson-Champoux-Allard
Poroelastic

Bonfiglio et al. - B

Group 3 Commercial (s1)
Johnson-Champoux-Allard

Poroelastic
Rhazi et al. - R

Group 4 In-house implemented Miki Thomasson - T

Group 5

a) Commercial (s2)
Delany-Bazley

Johnson-Champoux-Allard
Poroelastic

None

b) Commercial (s3)

Delany-Bazley
Miki

Johnson-Champoux-Allard
Poroelastic

Not Specified - NS

c) Commercial (s4)

Elastic Solid
Delany-Bazley

Miki
Johnson-Champoux-Allard

Johnson-Champoux-Allard-Lafarge
Poroelastic

Others

Rhazi et al. - R

Thomasson - T

Group 6 Commercial (s4)

Elastic Solid
Delany-Bazley

Miki
Johnson-Champoux-Allard

Johnson-Champoux-Allard-Lafarge
Poroelastic

Others

Rhazi et al. - R

Thomasson - T

Bonfiglio et al. - B

Group 7 Commercial (s4)

Elastic Solid
Delany-Bazley

Johnson-Champoux-Allard
Johnson-Champoux-Allard limp

Vigran - V

script θmax=78◦ . Finally, the results computed considering the true formulation, given in Eq. (5) are also provided, indicated

with the subscript FT MM− j(true). The analogous comparisons associated to systems #B, #C and #D, are given in Fig. 3, Fig. 4

and Fig. 5 respectively. The comparisons on the left-hand side graphs of Figures 2 to 5 showed a general good agreement of

all the results obtained with the FTMM, according to Eq. (4), and the experimental sound absorption coefficient. However,

it is worth investigating some of the discrepancies found. It can be observed that the results are significantly affected by the

model employed to describe the porous materials. Group 4 modelled material n. 1 as an equivalent fluid, according to Miki’s

model, while the other groups applied the standard or the limp JCA model. Consistently, the thermoplastic fibrous material

employed in system #B (medium n. 2 in Table 2) was modelled as a poro-elastic medium by all the participants except

Group 4 and Group 7; they described the material as an equivalent fluid: the former used again Miki’s model, while the latter
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Fig. 2. Sound absorption coefficient of System #A - comparison between numerical and experimental data: a) the FTMM results are
computed considering the finite-size radiation impedance and the angle of incidence in the range 0≤ θ≤ π/2; b) comparison between the
arithmetic average of the FTMM data and the results computed with some TMM variations.

the limp JCA model, which caused a slight overestimation of the sound absorption below 1000 Hz, as can be observed in

Fig. 3 a). The influence of the model employed to describe wave propagation through the porous media is also shown in
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Fig. 3. Sound absorption coefficient of System #B - comparison between numerical and experimental data: a) the FTMM results are
computed considering the finite-size radiation impedance and the angle of incidence in the range 0≤ θ≤ π/2; b) comparison between the
arithmetic average of the FTMM data and the results computed with some TMM variations.

Fig. 4. All the participants, except Group 7, modelled the resistive screen layer of system #C (Material n. 3 in Table 2) as an

equivalent fluid, using the JCA model, and the thermoplastic fibrous layer as a poro-elastic medium. Group 7, on the other
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hand, adopted the porous facing model proposed by Rebillard [43] to describe the resistive screen, and the limp JCA model

to describe the thermoplastic material, leading to slightly different results below 1250 Hz. A further example is represented

by the additional results provided by Group 1, in which the resistive screen layer was alternatively described using the model

developed by Delany and Bazley rather than the JCA model. The obtained results, indicated introducing the subscript (DB),

slightly overestimated the absorption coefficient at low frequencies and underestimated it above 1000 Hz. Consistent effects

were also shown by the results computed without taking into account the finite-size correction, presented in Fig. 4 b), which

will be further discussed later in this section. The step observed in the experimental sound absorption between the 500 Hz

and the 630 Hz frequency bands, as well as the consequent deviation of the simulated results up to 1600 Hz may be caused

by an increase in the screen layer’s stiffness due to the gluing over the porous material. For this reason, it would probably

be more appropriate to describe the glued screen using the poro-elastic model. However, the characterisation of its elastic

properties is impractical. A remarkably good agreement was shown between all the FTMM results and the experimental
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Fig. 4. Sound absorption coefficient of System #C - comparison between numerical and experimental data: a) the FTMM results are
computed considering the finite-size radiation impedance and the angle of incidence in the range 0≤ θ≤ π/2; b) comparison between the
arithmetic average of the FTMM data and the results computed with some TMM variations.

data for system #D, shown in Fig. 5 a), regardless of the models adopted to characterise the porous media or the formulation

which was used to evaluated the finite-size radiation impedance. Generally, all the formulations considered to evaluate the

finite-size radiation impedance provided similar results, allowing for a good approximation of the sound absorption coeffi-

cient measured in the Alpha Cabin. Only minor differences associated with the formulation employed could be observed:

results computed using Thomasson’s formulation underestimated the sound absorption coefficient at high frequencies, for

systems #A and #B and, to a lesser extent, also for systems #C and #D.

In the graphs on the right-hand side of Figures 2 to 5, the sound absorption averaged over all the FTMM results just

11 VIB-20-1285, Santoni

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Vibration and Acoustics. Received May 31, 2020;
Accepted manuscript posted August 25, 2020. doi:10.1115/1.4048395
Copyright © 2020 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/vibrationacoustics/article-pdf/doi/10.1115/1.4048395/6564222/vib-20-1285.pdf by U

niverista Studi Ferrara, andrea.santoni@
unife.it on 07 Septem

ber 2020



10
2

10
3

10
4

frequency [Hz]

0

0.2

0.4

0.6

0.8

1

1.2

d
iff

 -
 s

o
u

n
d

 a
b

so
rp

ti
o

n
 c

o
e

ffi
ci

e
n

t
G

1,FTMM - B

G
2,FTMM - B

G
3,FTMM - R

G
5,b,FTMM - NS

G
5,c,FTMM - R

G
5,c,FTMM - T

G
6,FTMM - B

G
6,FTMM - T

G
6,FTMM - R

G
7,FTMM - V

Exp,S#D

10
2

10
3

10
4

frequency [Hz]

0

0.2

0.4

0.6

0.8

1

1.2

d
iff

 -
 s

o
u

n
d

 a
b

so
rp

ti
o

n
 c

o
e

ffi
ci

e
n

t

G
1,TMM

G
1,FTMM - B(true)

G
2,FTMM - B(true)

G
5,a),TMM

G
5,b),TMM

G
5,b),TMM,

max
=78°

G
5,b,FTMM - NS,

max
=78°

G
5,c),TMM

G
5,c),TMM,

max
=78°

G
5,c,FTMM - R,

max
=78°

G
5,c,FTMM - T,

max
=78°

G
7,FTMM - V,

max
=78°

Exp,S#D

avg,FTMM

a) b)

Fig. 5. Sound absorption coefficient of System #D - comparison between numerical and experimental data: a) the FTMM results are
computed considering the finite-size radiation impedance and the angle of incidence in the range 0≤ θ≤ π/2; b) comparison between the
arithmetic average of the FTMM data and the results computed with some TMM variations.

discussed and the associated deviation were compared with the experimental data and with the results obtained from some

kind of variation in the TMM approach. For all the investigated systems a general good agreement could be observed between

the standard TMM results, which, as expected, underestimated the experimental data, due to the infinite size assumption.

Significant differences were only found in system #C, when the resistive screen layer was modelled using the Delany and

Bazley model rather than the JCA one. Only small differences were found when the TMM computation was applied to a

limited angle of incidence, within the range 0 < θ < 78◦. A small improvement could be observed when this limitation

was combined with the introduction of finite-size radiation, even though this approach still does not allow to correctly

approximate the experimental sound absorption coefficient. Moreover, it should be noted that for all the systems, the true

formulation to compute sound absorption coefficient, given in Eq. (5), provided an underestimation of the experimental

results, even though the finite size of the samples was considered.

Finally, Fig. 6 shows the difference between the average sound absorption computed by means of the FTMM and the

experimental data measured for each system in the Alpha Cabin. The error bars represent the standard deviation associated

with the average FTMM sound absorption αavg,FT MM . With an expected error of around 5%, at high frequencies, a general

good accuracy could be achieved predicting the Alpha Cabin sound absorption by means of the FTMM, for all the systems.

For system #B a similar deviation was found also at lower frequencies. A good accuracy within the entire frequency range

was also found for system #D. The larger errors, around 10%, are found in the low frequency range, while they drop down

to 5% at higher frequencies, except for the band centred around 3150 Hz, where the experimental sound absorption exhibits

a rapid reduction. On the other hand, a significantly larger deviation was found in some mid-frequency third-octave bands

for systems #A and #C. For the former, errors of 15% and 10% were found, between the average FTMM results and the

Alpha Cabin sound absorption, in the bands centred around 630 Hz and 800 Hz respectively. For system #C, a deviation of
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approximately 17% was found in the 630 Hz band and around 15% in the frequency range between 800 Hz - 1250 Hz. For

these two systems, the higher standard deviation between the FTMM results was also found. It should be mentioned that in a

three-year round robin test on sound absorption measurements in reverberant rooms with a different size [11,44,45], similar,

or in some cases even larger, deviations were observed between the sets of data measured in various Alpha Cabin test-rigs,

which were all qualified according to the OEM standard.
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Fig. 6. Mean difference between the experimental sound absorption coefficient measured in the Alpha Cabin and the results predicted with
the FTMM. The error bars represent the standard deviation associated with the arithmetic average of the FTMM results.

5 Conclusions

In this paper the reliability of the FTMM was analysed to compute the sound absorption coefficient of rectangular planar

poro-elastic systems measured in an Alpha Cabin test rig. In order to compare the most relevant formulations to evaluate the

finite-size radiation impedance, and the different approaches to describe the porous materials, an inter-laboratory test was

organised involving both academic and private research groups. Two different fibrous materials and two systems, constituted

by a layer of fibrous material lined with a resistive screen, were selected to represent typical sound absorbing components

found in the automotive industry. It was observed that all the investigated formulations to compute the finite-size radiation

impedance produced a good approximation of the diffuse incidence sound absorption measured in an Alpha Cabin. In fact,

a small deviation was found between the results provided by the participants and computed with different software. The

comparison between the sound absorption averaged over all the FTMM results and the experimental results highlighted a

good accuracy of the model. At high frequencies a maximum deviation of about 5% was found, while below 1500 Hz a larger

error, up to 15%-20%, could be expected for systems involving a resistive screen. The FTMM can definitely be used as a
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reliable tool to accurately predict the Alpha Cabin sound absorption, when correctly implemented and assuming a reliable

set of input data is available. In fact, the results presented showed significant differences, according to the model chosen to

represent the porous media, or based on the maximum incidence angle considered for the impinging acoustic plane wave.

Based on the findings presented in this paper, a few simple recommendations can be defined in order to implement an FTMM

model to accurately compute the sound absorption coefficient measured in a small or a full size reverberant room:

1. the finite-size radiation impedance must be considered, by using, for example, one of the different formulations which

were compared in this study, for which no significant differences were observed;

2. the finite-size radiation impedance has to be included in the computation according to Eq. (4). In fact, taking into

account the finite-size effect also in the incidence sound power, as expressed by Eq. (5), leads to underestimated results;

3. a diffuse sound field needs to be considered, by sweeping the angle of incidence of the acoustic plane wave impinging

on the system within the range 0 < θ < π/2 rad. Limiting it to the field incidence 0 < θ < 0.43̄π rad (≈ 78◦) leads to an

underestimation of the sound absorption coefficient;

4. it is important to evaluate which is the more appropriate model to describe a given porous material. In fact, when the

equivalent fluid model is adopted for relatively heavy and stiff material, neglecting the elasticity of the solid frame causes

an overestimation of the sound absorption in the mid-frequency range. In these cases, the poro-elastic model based on

Biot’s theory is more appropriate;

5. a resistive screen can be modelled as an equivalent fluid medium. The data indicated a better accuracy provided by the

JCA model compared to the model developed by Delany and Bazley or the porous facing model proposed by Rebillard.
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