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Abstract 
 

In this work, a finite element approach is presented for modelling sound propagation 
in perforated dissipative mufflers with non-homogeneous properties. The spatial 
variations of the acoustic properties can arise, for example, from uneven filling 
processes during manufacture and degradation associated with the flow of soot particles 
within the absorbent material. First, the finite element method is applied to the wave 
equation for a propagation medium with variable properties (outer chamber with 
absorbent material) and a homogeneous medium (central passage). For the case of a 
dissipative muffler, the characterization of the absorbent material is carried out by 
means of its equivalent complex density and speed of sound. To account for the spatial 
variations of these properties, a coordinate-dependent function is proposed for the 
filling density of the absorbent material. The coupling between the outer chamber and the 
central passage is achieved by using the acoustic impedance of the perforated central 
pipe, that relates the acoustic pressure jump and the normal velocity through the 
perforations. The acoustic impedance of the perforated central duct includes the 
influence of the absorbent material and therefore a spatial variation of the impedance is 
also taken into account. A detailed study is then presented to assess the influence of the 
heterogeneous properties and the perforated duct porosity on the acoustic attenuation 
performance of the muffler. 

 
Keywords:  heterogeneous absorbent material, muffler, finite element approach, variable 
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1. Introduction 
 

Due to their broadband characteristics at mid to high frequencies, the dissipative 
mufflers have been widely used in vehicle exhaust systems. Although plane wave models 
[1] are available for the prediction of the sound attenuation of mufflers at low frequency, 
multidimensional analytical techniques [2–4] and numerical methods [5–10] are 
required for higher frequencies and to consider, for example, the propagation of higher 
order modes. While multidimensional analytical methods are desirable due to their low 
computational effort, they are not capable to 
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model complex silencer geometries or non-homogeneous properties. For this reason, numer-
ical techniques have found favour for modelling complex geometries and arbitrary boundary
conditions. Among the numerical methods, the finite elementmethod (FEM) is widely used and
relevant literature can be found regarding the acoustic modelling of silencers. Young and Crocker
[5] applied the finite element method to reactive concentricexpansion silencers to predict their
transmission loss. Kagawaet al. [11] and Craggs [12] studied the transmission loss of a lined
expansion muffler assuming a locally reacting effect of the absorbent material. Finite element
models for bulk reacting absorbent materials were presented by Kirby to consider perforated dis-
sipative mufflers with homogeneous properties [13, 14]. Elnadyet al. [15] used the finite element
method to validate their proposed approach for modelling perforated pipes.

In the previous works, the absorbent materials considered were assumed to be homogeneous.
However, in realistic cases of automotive silencers, this assumption is not always fulfilled and
heterogeneous acoustic properties of the fibrous materialsappear. The presence of these non-
homogeneous properties may arise, for example, from unevenfilling processes in dissipative
mufflers [2, 16] and degradation produced by the flow of soot particles within the absorbent
material [17]. These two phenomena can cause significant variation in the filling density of the
fibrous material, which as a consequence leads to heterogeneity of its equivalent complex density
and speed of sound. To the authors’ knowledge, the only reference in the literature that tried to
model dissipative mufflers with heterogeneous fibrous material was the work of Peat and Rathi
[6]. In this case, the heterogeneity was associated with themean flow induced in the absorbent
material.

In Ref. [6] no perforated duct was considered and the fibrous material was exposed directly
to the gas in the central airway. However, in the automotive silencers, a perforated screen is usu-
ally placed to protect the fibrous material and to reduce static pressure losses over the silencer.
The acoustic impedance of a perforated surface in absence ofabsorbent material was studied
by Sullivan and Crocker [18]. Kirby and Cummings [19] obtained a semiempirical relationship
for the acoustic impedance of perforated plates with a porous material backing the perforations,
which depends upon various parameters including the equivalent complex density. Futher in-
vestigations were carried out by Leeet al. [20] to account for the influence of the absorbent
propagation medium on acoustic behaviour of the perforatedscreen. When the bulk reacting ma-
terial in contact with the perforations is considered to be homogeneous, the acoustic impedance
of the perforated plate is constant from a spatial point of view [3, 4, 21]. However, in the case
of non-homogeneous porous backing material, a modified expression of the acoustic impedance
must be regarded to account for the spatial coordinate dependence of the equivalent properties.

2. Mathematical approach

2.1. Finite element formulation

Figure 1 shows the perforated dissipative muffler studied in this work, which consists of a
perforated duct surrounded by a non-homogeneous absorbentmaterial. The subdomains of the
central airway and the absorbent material are denoted byΩa andΩm, respectively, whileΓa

andΓm represent their boundary surfaces which are supposed to satisfy the rigid wall boundary
condition [1], except for the inlet and outlet sectionsΓi andΓo and the perforated duct surface
Γp. The central passage with air is characterized by the density ρ0 and the speed of soundc0,
while its perforated surface is considered by means of the acoustic impedancẽZp. To account for
the heterogeneous properties of the absorbent material, the equivalent complex densityρm(x) and
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speed of soundcm(x) [22] are coordinate-dependent, which leads to spatial variations ofZ̃p(x) as
well. Further details will be provided in Sec. 2.2 and 2.3.

x

y

z
Ωa

Ωm

ρm(x)

cm(x)

Z̃p(x)

ρ0

c0

Γm

Γa Γa

Γi Γo

Γp

Figure 1: Perforated dissipative silencer with heterogeneous absorbent material.

For the central airway, the wave propagation is governed by the well-known Helmholtz equa-
tion [1],

∇2Pa + k2
0Pa = 0 (1)

with ∇2 being the Laplacian operator,Pa the acoustic pressure andk0 the wavenumber in the air,
defined as the ratio of the angular frequencyω to the speed of soundc0.

In the heterogeneous absorbent material, the wave propagation is given by the equation [23],

∇
(

1
ρm
∇Pm

)

+
1
ρm

k2
mPm = 0 (2)

wherekm(x) = ω/cm(x) is the equivalent complex wavenumber associated with the heteroge-
neous absorbent material.

By using the finite element method, the acoustic pressure within elemente of the silencer is
approximated by trial functions [24], which leads to

Pa =

Nnpe
∑

i=1

Ni P̃e
ai
= NP̃e

a (3)

Pm =

Nnpe
∑

i=1

Ni P̃e
mi
= NP̃e

m (4)

whereP̃e
ai

and P̃e
mi

are the nodal pressures,Ni are the shape functions andNnpe is the number
of nodes per element. By applying the method of weighted residuals in combination with the
Galerkin approach [24], and after using Green’s theorem, the weighted residual associated with
the subdomainΩa can be written as
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Na
e

∑

e=1

(∫

Ωe
a

∇TN∇NdΩ − k2
0

∫

Ωe
a

NTNdΩ

)

P̃e
a =

Na
e

∑

e=1

∫

Γe
a

NT ∂Pa

∂n
dΓ (5)

and the weighted residual of subdomainΩm is

Nm
e

∑

e=1

(∫

Ωe
m

1
ρm
∇TN∇NdΩ −

∫

Ωe
m

k2
m

ρm
NTNdΩ

)

P̃e
m =

Nm
e

∑

e=1

∫

Γe
m

1
ρm

NT ∂Pm

∂n
dΓ (6)

whereNa
e andNm

e are the number of finite elements in the central perforated duct and the ab-
sorbent material subdomains, respectively, andn is the outward unit vector.

As the rigid wall condition is satisfied at the boundaryΓa−Γp−Γi −Γo, the right side integral
of Eq. (5) is only taken over the perforated duct boundaryΓp and the inlet and outlet surfaces,
denoted byΓi andΓo, respectively. To evaluate the contribution of the perforated boundaryΓp

on the surface integral, the relation that defines the acoustic impedance of the perforated duct
must be taken into account [1]. By using the Euler’s equation, the normal pressure gradient at
the perforated surface in the central airway can be expressed as,

∂Pa

∂n
= −ρ0

∂Una

∂t
= − jρ0ωUna (7)

Una being the acoustic velocity normal to the perforations at the interface.
The acoustic impedance of the perforated surface is defined as the ratio of the acoustic pres-

sure jump across the perforations to the normal acoustic velocity, and can be written as,

Z̃p =
Pa − Pm

Una

(8)

After substituting Eq. (8) into Eq. (7), the normal pressure gradient associated with the per-
forated duct in the central airway is expressed as

∂Pa

∂n
= − jρ0ω

Pa − Pm

Z̃p
(9)

Introducing Eqs. (3) and (4) into Eq. (9), yields for elemente

∂Pa

∂n
= − jρ0ω

NP̃e
a − NP̃e

m

Z̃p
(10)

A similar procedure is applied to calculate the right side integral of Eq. (6). In this case, only
the contribution of the perforated boundaryΓp is computed. By considering Euler’s equation,
the normal pressure gradient at the perforated surface in the heterogeneous absorbent material is
given by

∂Pm

∂n
= −ρm

∂Unm

∂t
= − jρmωUnm (11)

whereUnm is the normal velocity at the interface. Considering the continuity of the normal
particle velocity and taking into account that the outward unit vectors in the direction normal
to the interface of both regions are opposite, the relation

(

Una = −Unm

)

is satisfied [25], which
yields
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∂Pm

∂n
= jρmω

Pa − Pm

Z̃p
(12)

Substituting the trial solutions expressed by Eqs. (3) and (4) into Eq. (12), gives

∂Pm

∂n
= jρmω

NP̃e
a − NP̃e

m

Z̃p
(13)

Replacing the normal pressure gradient in Eq. (5) by Eq. (10), yields

Na
e

∑

e=1

(∫

Ωe
a

∇TN∇NdΩ − k2
0

∫

Ωe
a

NTNdΩ

)

P̃e
a =

Na
e

∑

e=1

∫

Γe
a∩Γi

NT ∂Pa

∂n
dΓ

+

Na
e

∑

e=1

∫

Γe
a∩Γo

NT ∂Pa

∂n
dΓ − jρ0ω

Na
e

∑

e=1

∫

Γe
a∩Γp

1

Z̃p
NT

(

NP̃e
a − NP̃e

m

)

dΓ

(14)

where the integrals overΓi andΓo are associated with the usual excitation boundary conditions
[1] and the integral overΓp represents a coupling term betweenΩa andΩm.

Similarly, after substituting Eq. (13) into Eq. (6), the weighted residual related to the hetero-
geneous absorbent material subdomain is expressed as

Nm
e

∑

e=1

(∫

Ωe
m

1
ρm
∇TN∇NdΩ −

∫

Ωe
m

k2
m

ρm
NTNdΩ

)

P̃e
m =

jω
Nm

e
∑

e=1

∫

Γe
m∩Γp

1

Z̃p
NT

(

NP̃e
a − NP̃e

m

)

dΓ

(15)

To get a more compact form of Eq. (14) associated with the airway subdomain, the following
matrices have been defined

Ka =

Na
e

∑

e=1

∫

Ωe
a

∇TN∇NdΩ (16)

Ma =
1

c2
0

Na
e

∑

e=1

∫

Ωe
a

NTNdΩ (17)

Caa = ρ0

Na
e

∑

e=1

∫

Γe
a∩Γp

1

Z̃p
NTNdΓ (18)

Cam = −ρ0

Na
e

∑

e=1

∫

Γe
a∩Γp

1

Z̃p
NTNdΓ (19)

Fa =

Na
e

∑

e=1

∫

Γe
a∩Γi

NT ∂Pa

∂n
dΓ +

Na
e

∑

e=1

∫

Γe
a∩Γo

NT ∂Pa

∂n
dΓ (20)
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that leads, after some operations, to

(

Ka + jωCaa − ω2Ma

)

P̃a + jωCamP̃m = Fa (21)

Regarding Eq. (15) the following notation is introduced

Km =

Nm
e

∑

e=1

∫

Ωe
m

1
ρm
∇TN∇NdΩ (22)

Mm =

Nm
e

∑

e=1

∫

Ωe
m

1
ρm

1
c2

m
NTNdΩ (23)

Cma = −
Nm

e
∑

e=1

∫

Γe
m∩Γp

1

Z̃p
NTNdΓ (24)

Cmm=

Nm
e

∑

e=1

∫

Γe
m∩Γp

1

Z̃p
NTNdΓ (25)

Now Eq. (15) can be expressed in the following compact form

(

Km+ jωCmm− ω2Mm

)

P̃m + jωCmaP̃a = 0 (26)

Gauss quadrature integration is used to evaluate integralsEqs. (16)-(19) and Eqs. (22)-(25).
Special attention must be paid to include accurately the spatial variations of the heterogeneous
propertiesρm, cm andZ̃p.

Finally, Eqs. (21) and (26) can be written in matrix form as
([

Ka 0
0 Km

]

+ jω

[

Caa Cam

Cma Cmm

]

− ω2

[

Ma 0
0 Mm

]) {

P̃a

P̃m

}

=

{

Fa

0

}

(27)

The final system of equations can be solved for a given pressure field once the prescribed
pressures have been applied. After solving Eq. (27), the transmission loss (TL) can be evaluated
to study the acoustic performance of the dissipative muffler. This parameter is defined as the dif-
ference between the sound power incident on an acoustic filter and the sound power transmitted
downstream considering an anechoic termination and can be calculated by [1]

TL = 20 log10
Pinc

Ptrans
(28)

wherePinc andPtrans are the incident and transmitted pressures, respectively.

2.2. Heterogeneous acoustic properties of the absorbent material

The acoustic behaviour of the absorbent materials considered in the literature can be de-
scribed by the equivalent characteristic impedanceZm = ρmcm and wavenumberkm = ω/cm.
These complex and frequency dependent properties have usually a constant value from a spatial
point of view throughout the fibrous material domain, assuming a homogeneous steady airflow
resistivityR [3, 4, 21]. The resistivity can be related to the filling density ρc by means of [26]

R= A1ρc
A2 (29)
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where the valuesA1 and A2 are independent of the filling density and can be obtained, for a
given absorbent material, by a least squares fitting from experimental data. For the absorbent
material under consideration (Owens Corning’s texturizedAdvantex fiber glass roving) the val-
uesA1 = 1.316074 andA2 = 1.782163 are taken into account [4, 27] withRandρc in SI units.

Although ρc is usually assumed to be constant in the bibliography, strong heterogeneities
can be found in practical applications. During the manufacturing process of automotive dissi-
pative mufflers, meaningful variations in the filling density can be produced causing a change
in the steady airflow resistivity of the absorbent material.Also, the flow of soot particles [17]
can induce spatial modifications of the material properties. In this investigation, a coordinate-
dependent linear functionρc (x) = ax+b is assumed to simulate the variation of the filling density
along the main axial direction of the muffler. Eq. (29) leads then to a coordinate-dependent resis-
tivity R(x), and a modified version of the homogeneous models of earlierstudies [3, 4, 21, 27, 28]
is obtained, where the characteristic impedance and wavenumber of the heterogeneous absorbent
material are expressed as follows,

Zm (x)
Z0

=





























1+ 0.09534

(

fρ0

R(x)

)−0.754












+ j















−0.08504

(

fρ0

R(x)

)−0.732


























(30)

km (x)
k0
=





























1+ 0.16

(

fρ0

R(x)

)−0.577












+ j















−0.18897

(

fρ0

R(x)

)−0.595


























(31)

with Z0 = ρ0c0 being the characteristic impedance of the air andf the frequency. Therefore, the
introduction of spatial variations in the filling density leads finally to heterogeneity associated
with R, Zm andkm.

2.3. Acoustic impedance of the perforated duct

As it was shown in the work of Kirby and Cummings [19], the acoustic impedance of the
perforated duct in presence of homogeneous absorbent material strongly depends on the acoustic
properties of the fibrous dissipative medium backing the perforations. In this investigation, the
equivalent characteristic impedanceZm and wavenumberkm are coordinate-dependent and there-
fore the expression used in earlier works [3, 4] for the acoustic impedance of the perforations,
has been redefined here to introduce the heterogeneity of theabsorbent material, giving

Z̃p (x) = Z0

(

0.006+ jk0

(

tp + 0.425dh

(

1+
Zm (x)

Z0

km (x)
k0

)

F (σ)

))

σ
(32)

wheredh denotes the hole diameter,tp the thickness,σ the porosity, andF (σ) a factor that
takes into account the interaction between perforations [29]. Here, F (σ) is obtained as the
average value of Ingard’s and Fok’s corrections, denotedFI (σ) andFF (σ), respectively. Ingard’s
function is given by

FI (σ) = 1− 0.7
√
σ (33)

and Fok’s correction is calculated as

FF (σ) = 1− 1.41
√
σ + 0.34

(√
σ
)3
+ 0.07

(√
σ
)5

(34)
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2.4. Segmentation method

To validate the proposed finite element approach, a comparison between the results given
by the implemented procedure and calculations obtained by asegmentation method is carried
out. As can be seen in Figure 2, in this method [16, 30] the heterogeneous absorbent material
is divided intoN regions with lengthsL1, L2, ..., LN and the associated homogeneous filling
densities are evaluated by

ρ̃c j =
(

ρc j + ρc j+1

)

/2, for j = 1, 2, ...,N (35)

x

y

ρc1 ρc2

ρcN+1

L1 L2 LN...

...1 2 N

Z̃p1 Z̃p2 Z̃pN

R1

R2

Li Lo

Figure 2: Sketch of the perforated dissipative silencer with heterogeneous absorbent material associated with the seg-
mentation method.

After evaluating ˜ρc j , the resistivity of each segment is given by Eq. (29). The equivalent
complex densityρmj and speed of soundcmj associated with segmentj can be obtained from
Eqs. (30) and (31). Similarly, the acoustic impedance of the perforated ductZ̃p j associated with
region j can be calculated by Eq. (32). The results obtained by considering the segmentation
procedure have been carried out by the finite element packageLMS Virtual.Lab [31].

3. Results and discussion

3.1. Validation

Figure 3 shows the comparison of the transmission loss(TL) predictions obtained by the
implemented procedure as well as those from the segmentation method. The muffler geome-
try is axisymmetric, and the dimensions of the studied configuration are: central passage radius
R1 = 0.0245 m, outer chamber radiusR2 = 0.0822 m, length of the inlet and outlet ducts
Li = Lo = 0.1 m and length of the absorbent materialLm = 0.3 m (see Figure 2). The perfo-
rated duct is characterized by a porosityσ = 20%, thicknesstp = 0.001 m and hole diameter
dh = 0.0035 m. In the proposed approach for the heterogeneous absorbent materials, the fill-
ing density is assumed to vary according to the functionρc(x) = −653.333x + 359.333. This
assumption provides a mean filling density of valueρc = 196 kg/m3. For the segmentation
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method calculations three cases have been computed with 1, 2and 3 segments, considering a
homogeneous absorbent material in each region. Therefore,the case withN = 1 corresponds to
a perforated dissipative muffler with homogeneous absorbent material. The lengths of segments
and the associated filling densities for the three cases are shown in Table 1. In the segmentation
method predictions and the proposed approach results as well, the fibrous material total mass is
constant with a value of 1.137 kg. The axisymmetric finite element mesh for the studied muf-
fler consists of eight-noded quadratic quadrilateral elements with an approximate size of 0.01
m. For the maximum frequency of interest, 3200 Hz, the acoustic wavelength is about 0.1 m.
Therefore the finite element mesh includes 10 elements per wavelength, which is sufficiently
accurate for the transmission loss predictions. As can be seen in Figure 3, all the curves exhibit
a reasonable agreement at low frequencies, where the attenuation of the muffler is mainly dic-
tated by reactive phenomena [1]. In the mid and high frequency range, considerable differences
between the implemented procedure results and the segmentation method predictions with 1 seg-
ment (homogeneous absorbent material) can be observed. At 1310 Hz the difference is about
10% (approximately 6 dB). By increasing the number of segments, the results provided by the
segmentation approach exhibit a convergence to the proposed method and the discrepancies are
gradually lower. ForN = 3, some slight differences are still detected between the results obtained
by the proposed approach and the segmentation procedure.

Length(m) Filling density
(

kg/m3
)

N L1 L2 L3 ρc1 ρc2 ρc3

1 0.30 – – 196 – –
2 0.15 0.15 – 245 147 –
3 0.10 0.10 0.10 261.3 196 130.7

Table 1: Lengths of the segments and the associated filling density.

0 500 1000 1500 2000 2500 3000
0
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60
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)

Figure 3: TL of perforated dissipative silencer: , segmentation method,N = 1; , segmentation method,N = 2;
, segmentation method,N = 3; , implemented procedure.
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3.2. Effect of the filling density

Figure 4 presents the effect of the filling density on the acoustic attenuation of perforated
dissipative mufflers. The results have been obtained by applying the proposedapproach pre-
sented in this work (heterogeneous material with continuously varying filling density) and the
segmentation method withN = 1 as well (homogeneous absorbent material case). The values
ρc = 90 kg/m3, ρc = 166.7 kg/m3 andρc = 196 kg/m3 are considered for the geometry an-
alyzed in the previous figure. In the segmentation method calculations these values represent
the constant filling densities within the outer dissipativechamberΩm, while in the implemented
procedure they denote the mean filling densities. In this latter case, the axial distributions are
given byρc(x) = −300x+ 165,ρc(x) = −555.733x+ 305.653 andρc(x) = −653.333x+ 359.333,
respectively. The perforated duct is characterized byσ = 20%, tp = 0.001 m anddh = 0.0035
m. As can be observed in Figure 4, for all the considered filling densities, the transmission loss
curves associated with the proposed approach (heterogeneous material) are clearly different from
those obtained by the segmentation method (homogeneous material), even when the comparison
is carried out with the same total mass of absorbent material. Therefore, the impact of the mate-
rial heterogeneity on the sound attenuation is remarkable,which justifies the approach presented
in the current investigation. As the filling density increases, the two approaches show higher dis-
crepancies between them. Also, it can be seen that, with higher filling densities, the transmission
loss predictions obtained by the two approaches are increased at mid to high frequencies, and
the resonant peaks are shifted to lower frequencies. At verylow frequencies, an opposite trend
appears, that is, higher filling densities tend to reduce theacoustic attenuation.

0 500 1000 1500 2000 2500 3000
0

10

20

30

40

50

60

Frequency (Hz)

T
L

(d
B

)

Figure 4: TL of perforated dissipative silencer: , ρc = 90 kg/m3, heterogeneous material; , ρc = 90 kg/m3,
homogeneous material; , ρc = 166.7 kg/m3, heterogeneous material;+ + +, ρc = 166.7 kg/m3, homogeneous
material; , ρc = 196 kg/m3, heterogeneous material; o o o,ρc = 196 kg/m3, homogeneous material.

3.3. Effect of the perforated duct porosity

The influence of the perforated duct porosity is analyzed in Figure 5, where the valuesσ =
5%, σ = 10% andσ = 20% have been considered while keepingtp = 0.001 m anddh =

0.0035 m. As in the latter case, the transmission loss curves have been obtained by applying
the proposed approach as well as the segmentation method with N = 1 in order to assess the
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impact of heterogeneities within the outer dissipative chamber. The absorbent material used for
the calculations has a filling densityρc of 196 kg/m3. This value is constant in the segmentation
method (homogeneous material) and, for the heterogeneous one, provides the mean density in the
implemented procedure. In this latter case (heterogeneousabsorbent material) the axial variation
of the filling density is defined byρc(x) = −653.333x+ 359.333. As can be seen, for all the
considered porosities, the two approaches exhibit a reasonable agreement at low frequencies,
while at mid to high frequencies significant discrepancies appear between them. For a particular
porosity, these differences between the heterogeneous model and the homogeneous predictions
over the frequency range considered in the computations canbe associated with the influence of
the material properties in the three-dimensional wave propagation. The influence of the material
interacts with the acoustic behaviour of the perforated surface and the geometrical dimensions
of the muffler, and therefore the sound attenuation phenomena are dictated by a high number of
parameters. These complexities hinder a straightforward interpretation of all the details depicted
in the attenuation curves. However, some clear general trends are found. Figure 5 shows that,
by increasing the porosity of the perforated duct, the acoustic performance of the dissipative
silencers is considerably improved at high frequencies since more sound attenuation is generated
within the absorbent material. In addition, the resonant peaks are shifted to high frequencies due
to the decrease of the mass reactance. At low frequencies, higher porosities lead to slightly lower
transmission loss.
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Figure 5: TL of perforated dissipative silencer: , σ = 5%, heterogeneous material; , σ = 5%, homogeneous
material; , σ = 10%, heterogeneous material;+ + +, σ = 10%, homogeneous material; , σ = 20%,
heterogeneous material; o o o,σ = 20%, homogeneous material.

4. Conclusions

A finite element approach has been developed to predict the acoustic behaviour of perforated
dissipative mufflers with non-homogeneous properties. The heterogeneitiesof the absorbent
material have been modelled by introducing a spatial variation of its filling density, that leads,
through the steady airflow resistivity, to coordinate-dependent acoustic properties such as the
equivalent complex density and the speed of sound. Therefore, the usual calculation of the finite
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element matrices has been modified to include these equivalent heterogeneous acoustic proper-
ties. In addition, the coupling between the central passageand the dissipative outer chamber has
been carried out considering a perforated surface. Since the acoustic impedance of the perfora-
tions in the presence of a backing porous medium strongly depends on the acoustic properties of
the fibrous material, additional features have been implemented in comparison with the models
of earlier studies. Specifically, the perforated acoustic impedance models normally used in the
bibliography have been modified to introduce the spatial influence of the heterogeneous proper-
ties of the fibrous material.

To validate the numerical approach, the results provided bythe proposed technique have been
compared with a segmentation method that considers a sequence of homogeneous regions within
the outer chamber, showing a good agreement for increasing number of segments. Although
the calculations exhibit some discrepancies, particularly when a reduced number of regions is
considered, a suitable convergence to the proposed approach has been found for the selected
configuration under analysis as the number of segments increases. Finally, a study has been
presented to assess the influence of the heterogeneity, the filling density and the porosity of the
perforated duct on the sound attenuation of the dissipativemufflers.
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