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Duct silencers provide effective noise reduction for heating, ventilation and air conditioning systems. These
silencers can achieve an excellent sound attenuation through the attributes of their design. The reactive silencer
works on the principle of high reflection of sound waves at low frequencies. On the other hand, the dissipative
silencer works on the principle of sound absorption, which is very effective at high-frequencies. Combining these
two kinds of silencers allowed covering the whole frequency range. In this paper, the effect of liner characteristics
composed of a perforated plate backed by a porous material and geometry discontinuities on the acoustic power
attenuation of lined ducts is evaluated. This objective is achieved by using a numerical model to compute the
multimodal scattering matrix, thus allowing deducing the acoustic power attenuation. The numerical results
are obtained for six configurations, including cases of narrowing and widening of a radius duct with sudden or
progressive discontinuities. Numerical acoustic power attenuation shows the relative influence of the variation
in the values of each parameter of the liner, and of each type of radius discontinuities of ducts.
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acoustic power attenuation.
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1. Introduction

Duct silencers provide effective noise reduction
for heating, ventilation and air conditioning systems.
Lined duct attenuators are an example of these si-
lencers. This is the most effective and efficient method
that is widely used to reduce noise in such kinds of
ducts systems. Acoustic liners are based on the use of
acoustic absorbent materials such as porous materials,
Helmholtz resonators or perforated plates. In order
to obtain great acoustic power attenuation, these
elements can be combined together and coupled with
sudden or progressive section change of the duct to
increase the acoustic performance of the lined duct
element.

To characterize the acoustic behavior of duct dis-
continuities with rigid wall and lined parts, numerous
methods were proposed like the work of Miles (1946),
Peat (1988a; 1988b), Munjal (1987), Kergomard
and Garcia (1987), Amir et al. (1996) and Selamet
et al. (2004). To evaluate the acoustic performance
of ducts systems, different matrices were used such
as the transfer matrix (Peat, 1988a; Munjal, 1987;
Craggs, 1989), reflection matrix (Akoum, Ville,
1998; Sitel et al., 2003), transmission matrix (Sitel
et al., 2003) or multimodal scattering matrix (Åbom,
1991; Leroux et al., 2003; Bi et al., 2006; Sitel et al.,
2006). The latter matrix showed its efficiency in model-
ing duct elements and liner impedance at higher-order
modes. In fact, such matrix presents an intrinsic pro-
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priety of the duct element: it depends only on acoustic
and geometric features of the duct. The method to
compute this matrix was performed by Taktak et al.
(2008; 2010; 2012), Kessentini et al. (2016) and Ben
Souf et al. (2017) in the case of axisymmetric duct
with and without flow. Then, this method was im-
proved to evaluate the effect of the temperature on
the acoustic impedance of lined duct, see (Benjedidia
et al., 2014).

In a previous work, Othmani et al. (2015) used this
method to evaluate the effect of liner characteristics
on the acoustic power attenuation of lined duct, then
Masmoudi et al. (2017) investigated the effect of geo-
metry and impedance on the acoustic behavior of wall
and porous material lined duct but using the simple
model of Delany-Bazely which depends only on the
flow resistivity. This was carried out for two confi-
gurations of duct diameter increase and duct diame-
ter decrease with liner composed of a porous material
and a perforated plate. Recently, Dhief et al. (2020)
treated the problem of duct discontinuities with more
complicated configurations and using liners composed
of perforated plates backed by air cavity or porous
materials. They showed that the second type of liner
is more efficient in absorbing acoustic waves than the
first one.

The present work presents a continuation of this
work: the effect of porous material and perforated plate
characteristics parameters of the liner on the acous-
tic power attenuation of various ducts discontinuities
configurations is investigated in details to evaluate the
efficacy of each parameter composing this liner by a nu-
merical model to compute the multimodal scattering
matrix. From this matrix, the acoustic power attenua-
tion is computed. This objective is achieved by study-
ing six configurations of cylindrical ducts, presenting
cases of narrowing and widening of a radius duct with
sudden or progressive discontinuities.

The outline of the paper is organized as follows:
in Sec. 2, the description of the physical problem and
the numerical computation of the multimodal scatter-
ing matrix is presented. Section 3 presents the com-
putation of the acoustic power attenuation. Section 4
presents the used acoustic impedance of the liner. Fi-
nally, numerical results are presented and discussed in
Sec. 5, to evaluate the influence of liner characteris-
tics on the acoustic power attenuation of each studied
configuration.

2. Description of the problem and numerical
computation of the scattering matrix

In this paper, a rigid-lined-rigid cylindrical duct is
studied. It is located between two axial coordinates zR
and zL with 1 m in length and radius a = R/ρ at these
positions. Six configurations of ducts with geometric

discontinuities are under consideration in this paper.
They differ according to the type of variation of dis-
continuity and position of the liner.

Figures 1 and 2 present the symmetric parts of nar-
rowing and widening portion of the studied ducts. The
acoustic impedance of the liner is made of a perfo-
rated plate, backed by absorbing porous material be-
fore the rigid wall (Fig. 3), modeled by its acoustic
impedance Z. The change of the section is located be-
tween z1 and z2. The duct radius change is equal to
0.02 m.

Fig. 1. Duct presenting a narrowing in the duct radius.

Fig. 2. Duct presenting a widening in the duct radius.

For the case of duct presenting radius narrowing
(Fig. 1), the duct radius R is equal to 0.075 m. Three
configurations are studied which differ with respect to
the type of discontinuities and the position of the liner:
(I-a) y = 0: sudden narrowing and the part c is lined;
(I-b) y ≠ 0: progressive narrowing and the part c is li-

ned;
(I-c) y = 0: sudden narrowing and the part b2 is lined.

The length of the duct is L = b1 + b2 + b1 + b + c.
For the case of duct presenting widening of the

radius (Fig. 2) characterized by a radius ρ equal to
0.055 m, three configurations are studied, which dif-
fer with regard to the type of discontinuities and the
position of the liner:
(II-a) y = 0: sudden widening and the part c is lined;
(II-b) y ≠ 0: progressive widening and the part c is li-

ned;
(II-c) y = 0: sudden widening and the part b2 is lined.

The length of the duct is equal to L = b1 + b2 +
b1 + b + c.

Fig. 3. Composition of the studied liner.
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The multimodal scattering matrix S2N×2N of the
duct element located between the axial coordinates zL
(L meaning left-side) zR (R meaning right side) relates
the outcoming pressure waves array

Pout
2N = ⟨P I−

00 (zL), ..., P I−
mn(zL), P II+

mn(zR), ..., P II+
mn(zR)⟩

T

N

to incoming pressure waves array

Pin
2N = ⟨P I+

00 (zL), ..., P I+
mn(zL), P II−

mn(zR), ..., P II−
mn(zR)⟩

T

N

as follows, see (Åbom, 1991; Taktak et al., 2010):

Pout
2N = S2N×2N × P in

2N , (1)

where (P I+
mn, P

I−
mn) and (P II+

mn, P
II−
mn) are, respectively,

the modal pressure coefficients associated to the (m, n)
mode traveling, respectively, in the positive and the
negative direction in both regions I and II (Figs 1
and 2);m and n are the azimuthal and the radial mode
numbers, respectively; N is the number of propagat-
ing modes in both cross sections. The acoustic pres-
sure p in the axisymmetric duct is obtained by sol-
ving the Helmholtz equation with the boundary condi-
tions, respectively, at ΓWD with rigid wall duct and at
ΓLD with lined duct part, characterized by its acoustic
impedance:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∆p + k2p = 0 (Ω),

Z
∂p

∂nLD
= iωρ0p (ΓLD),

∂p

∂nWD
= 0 (ΓWD),

(2)

where ∆ is the Laplacian operator, Ω is the acoustic
domain inside the duct, nW and nL correspond to nor-
mal vectors of each wall, k is the total wave number,
ρ0 is the mass per volume unit, and ω is the angular
frequency.

To solve the system of Eqs (2), the finite element
method is used. The corresponding weak variational
formulation can be written as:

Π = −∫
Ω

(∇q ⋅ ∇p) dΩ + k2 ∫
Ω

qpdΩ

+∫
∪Γi

q
∂p

∂ni
dΓi = 0, (3)

where q is the test function, dΩ and dΓi are integra-
tion elements through the duct domain and bounda-
ries, respectively, and ∪Γi presents the whole boundary
(i = LD (lined part), L (left), R (right)). The use of
modal decomposition at boundaries (ΓR and ΓL) in-
troduces the modal pressures as additional degrees of
freedom of the model. This is performed by supposing
that pressures at ΓL and ΓR can be obtained by the

projection of the acoustic field over the eigen functions
of the rigid wall duct:

∫
ΓL

pJm (χmn
a

r) dΓL = (P I+
mn + P I−

mn)

⋅ ∫
ΓL

Jm (χmn
a

r)
2

r dΓL,

∫
ΓR

pJm (χmn
a

r) dΓR = (P II+
mn + P II−

mn)

⋅ ∫
ΓR

Jm (χmn
a

r)
2

r dΓR,

(4)

where r is the radial coordinate.
The last integral of the formulation (3) is given by

the following expression, by adding the modal incom-
ing and outcoming pressures as additional degrees of
freedom to the model:

∫
∪Γi

q
∂p

∂n
dΓ = ∫

Γt

q ( iωρp
Z

)dΓLD

+
Nr

∑
n

ikmn

⎡⎢⎢⎢⎢⎢⎣

⎛
⎜
⎝
nL (P I+

mn − P I−
mn)∫

ΓL

qJm(χmnr)dΓL
⎞
⎟
⎠

+
⎛
⎜
⎝
nR (P II+

mn − P II−
mn)∫

ΓR

qJm(χmnr)dΓR
⎞
⎟
⎠

⎤⎥⎥⎥⎥⎥⎦
, (5)

where Jm is the Bessel function of the first kind of
order m, χmn is the n-th root satisfying the radial
hard-wall boundary condition on the wall of the main
duct (J ′ (χmn/a) = 0).

For a fixed m, system (3) results in the following
matrix system, by taking into account the boundary
conditions (Taktak et al., 2010):

[[q1, ..., qM ], [1, ...,1]]

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

K E1 E2 F1 F2

G1 G2 G3 0 0

0 0 0 0 0

0 0 0 0 0

H1 0 0 H2 H3

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⋅

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧⎪⎪⎪⎨⎪⎪⎪⎩

p1

⋮
pM

⎫⎪⎪⎪⎬⎪⎪⎪⎭

P I−
mn

P I+
mn

P II−
mn

P II+
mn

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=
⎧⎪⎪⎪⎨⎪⎪⎪⎩

0
⋮
0

⎫⎪⎪⎪⎬⎪⎪⎪⎭
, (6)

where M is the node number in the domain Ω, {p} is
the nodal acoustic pressure vector, K is a matrix re-
lating the test function to the nodal pressures in the
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domain, E1, E2, F1, and F2 are matrices relating the
test function to the modal pressures on ΓL and ΓR,
G1, G2, and G3 are matrices relating the nodal acous-
tic pressures in Ω to different modal pressures on the
boundary ΓL, H1, H2, and H3 are matrices relating
the nodal acoustic pressures to different modal pres-
sures on the boundary ΓR.

The azimuthal scattering matrix is written as:

s = (V −CK−1B−1) (U −CK−1A−1), (7)

where A, B, C, U, and V are defined as:

A = [E1 F2] , B = [E2 F1] , C =G1 +H1,

U = [G2 H3] , V = [G3 H2] .
(8)

The total scattering matrix of the studied ducts
s2Nr×2Nr is obtained by repeating this operation for
each m and by assembling the azimuthal matrices
s2Nr×2Nr with N is the total number of modes present
in the ducts.

3. Computation of the acoustic power
attenuation

The acoustic power attenuation Watt of a two-port
duct is developed by (Aurégan, Starobinski, 1999).
It connects the acoustic power on both sides of the
incoming wavesWin and the outgoing wavesWout with
the following expression:

Watt [dB] = 10 log
W in

W out
= 10 log

⎛
⎜⎜⎜⎜⎜
⎝

2N

∑
i=1

∣di∣2

2N

∑
i=1

λi ∣di∣2

⎞
⎟⎟⎟⎟⎟
⎠

. (9)

These total energies can be expressed in the following
form:

W in=
P

∑
m=−P

Q

∑
n=0

Nmn
2ρ0c0

(k
+

mn

k
∣P I+
mn∣

2+ k
−

mn

k
∣P II−
mn∣

2), (10)

W out=
P

∑
m=−P

Q

∑
n=0

Nmn
2ρ0c0

(k
−

mn

k
∣P I−
mn∣

2+ k
+

mn

k
∣P II+
mn∣

2), (11)

with Nmn = SJ(χmn)(1− m2

χmn
) associated to the mode

(m, n), S = πa2 is the cross section area, and kmn =
S
√
k2 − (χmn

a
)2

is the axial wave number of mode
(m, n) in the main duct, di and λi are the components
and the eigenvalues of the matrix H defined as:

H2N×2N = [XO2N×2NS2N×2NXI−1
2N×2N ]T∗

2N×2N

⋅ [XO2N×2NS2N×2NXI−1
2N×2N ]

2N×2N
(12)

with

XImn = [diag (
√
Nmnk+mn/2ρ0c0k)]

2N×2N
,

XOmn = [diag (
√
Nmnk−mn/2ρ0c0k)]

2N×2N
,

d2N =UT∗

2N×2NΠin
2N ,

where U is the eigenvectors of H and T∗ denotes con-
jugate transpose.

4. Modeling of the liner

The acoustic impedance of the liner composed of
a perforated plate and an absorbing porous material
backed by a rigid plate is obtained as follows:

Z = Zporous material +Zperforated plate (13)

with
Zporous material = Zc ⋅ coth (jkcd). (14)

Zc and kc are the surface characteristic impedance
and propagation constant of the porous material, re-
spectively, and d is the material depth. The values of
Zc and kc are estimated by the Lafarge-Allard model
(Allard, Attalla, 1993; Lafarge et al., 1997), ex-
pressed as follows:

Zc = ω
√
ρmK, (15)

kc = ω
√
ρm
K
, (16)

where K is the compressibility and ρm is the density
of the fluid saturating the porous medium rigid struc-
ture as defined by Allard and Attalla (1993) and
Lafarge et al. (1997) as follows:

ρm = α∞ρ0

⎡⎢⎢⎢⎢⎣
1 − j σφ

ρ0α∞ω

√
1 + 4jρ0α2

∞
ωη

σ2φ2Λ2

⎤⎥⎥⎥⎥⎦
, (17)

K = γP0

⎡⎢⎢⎢⎢⎢⎢⎣

γ − (γ − 1)

1 + ηφ
jωρ0Nprk′0

√
1 + 4jωρ0Npr(k′0)

2

ηφ2Λ′2

⎤⎥⎥⎥⎥⎥⎥⎦

, (18)

where α∞ and φ are the material tortuosity and poros-
ity, respectively, σ is the material flow resistivity, ρ0 is
the air density, ω is the angular frequency (ω = 2πf)
with f is the frequency, η is the dynamic viscosity, γ
is the ratio of specific heats at, respectively, constant
pressures Cp and volumes Cv defined as follows:

γ = Cp
Cv

, (19)

where NPr is the Prandtl number, η is the dynamic
viscosity, Λ and Λ′ are the viscous and thermal char-
acteristic lengths, respectively, P0 is the atmospheric
pressure, and k′0 is the thermal permeability.

For the perforated plate, many models exist in the
literature to model its impedance (Elnady, Boden,
2004; Lee, Selamet, 2006; Wang et al., 2017;
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Tiryakioglu, 2020). In this paper, the acoustic
impedance model of Elnady and Boden (2004) is
used:

ZE = Re{ ik

σpCD
[ t

F (k′sdp/2)
+ δRe

F (ksdp/2)
]}

+i Im{ ik

σpCD
[ t

F (k′sdp/2)
+ δIm
F (ksdp/2)

]} (20)

with CD being the discharge coefficient, dp is the pore
diameter, t is the plate thickness, σp is the plate poro-
sity, δRe and δIm are correction coefficients given as
follows:

δRe = 0.2dp + 200d2
p + 16000d3

p,

δIm = 0.2856dp,

F (ksdp/2) = 1 − J1 (ksdp/2)
ks

dp
2
J0 (ksdp/2)

,

F (k′sdp/2) = 1 − J1 (k′sdp/2)
k′s

dp
2
J0 (k′sdp/2)

,

k′s =
√

−iω
ν′

,

ks =
√

−iω
ν
,

(21)

where ν′ = 2.179 η
ρ0

is the kinematic viscosity.

5. Numerical results

The characteristics of the propagation medium (the
air), the porous material and the perforated plate are
listed in Table 1. The used porous material is the indus-
trial material “Acusticell” (Sagartzazu, Hervella-
Nieto, 2008). The studied frequency range is ka =
[0, 3.8] (ka is the Helmholtz number and N = 5 modes
are propagating [(0,0), (±1,0), (±2,0)].

The acoustic impedance is used as an input for
computation of the numerical multimodal scattering
matrix of the studied ducts and therefore the acoustic
power attenuation is calculated.

Table 2. The porous materials proprieties (Mereze et al., 2012).

Parameter Acusticell
M1

Aluminium
M2

Melamine
M3

Rockwool
M4

CP-01
M5

MP-10
M6

Depth d [m] 0.024 0.0126 0.011 0.01 0.01 0.0098
Flow resistivity σ [N⋅s/m4] 22000 4700 10300 20600 202000 364000

Porosity ϕ [%] 95 84 99 98 68 60
Tortuosity α∞ [–] 1.38 1.08 1.0 1.01 2.2 2.3

Char. viscous length Λ [m] 170.10−6 348.10−6 128.10−6 90.10−6 54.10−6 40.10−6

Char. thermal length Λ′ [m] 510.10−6 175.10−6 120.10−6 85.10−6 33.10−6 26.10−6

5.1. Study of several combinations
of absorbent materials

The acoustic parameters of six porous materials of
acusticell, aluminum, melamine, rockwool, CP-01, and
MP-10 and the three perforated plates properties are
indexed in Tables 1 and 2, respectively.

Table 1. Values of the of perforated plate properties.

Parameter
Plates

P1 P2 P3
Thickness t [m] 0.001 0.0008 0.0008

Hole diameter d [m] 0.001 0.001 0.0003
Porosity σ [%] 2.5 5 5

Discharge Coefficient CD 0.76 0.76 0.76

5.1.1. Porous materials proprieties effects

Figure 4 presents the acoustic power attenuation
of configuration (I-a) of duct with sudden narrowing
radius versus ka using the acusticell (M1), aluminum
(M2), melamine (M3), rockwool (M4), CP-01 (M5),
and MP-10 (M6) porous material and the perforated
plate (P1). It can noted that the form of attenuation
curves changes when the depth is equal to 24 mm. Re-
sults show that the attenuation reaches its maximum,
for ka varying from 3 to 3.4 for M1, M2, M3, and M4
and for ka = 1.8 for M5 and M6. The amplitude of
this maximum is about 4 dB, 4.4 dB, 5.8 dB, 6.3 dB,
and 6.8 dB for M2, M3, and M4, M5, M6, and M1,
respectively. It can be clearly seen that acoustic atte-

Fig. 4. Acoustic power attenuation of the configuration
(I-a) of duct having sudden radius narrowing for several
studied porous materials with the perforated plate P1.
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nuation is greatly linked to both the depth and the flow
resistivity. In considering only the depth, the acous-
tic attenuation very slightly grows with the increase
of depth (∼1.1 dB) in the range of frequencies ka =
[0.8, 1.5] for M2, M3, and M4 and out of that range, the
attenuation curves of these porous materials are almost
similar, knowing that the viscous characteristic lengths
pass from 90 µm to 348 µm. By increasing the depth
to d = 24 mm, the acoustic power attenuation reaches
a maximum, except that, in the intervals ka = [0.9, 1.1]
and in the interval ka = [1.5, 2.1], where the attenuation
can be more efficient according to the greater values of
flow resistivity. Consequently, the acoustic power at-
tenuation is significantly affected if the flow resistivity
and the depth are increasing considerably.

Figure 5 shows that the acoustic power attenuation
of configuration (I-a) of duct with sudden widening
radius versus ka using the acusticell (M1), aluminum
(M2), melamine (M3), rockwool (M4), CP-01 (M5) and
MP-10 (M6) and the perforated plate (P1). It can be
observed that the levels of acoustic power attenuation
are greatly enhanced when compared to the case of
configuration (I-a). Results show that the attenuation
is maximum at ka = 1.8 for M1, near to ka = 2.9 for
M2, M3, and M4, and for ka = 3.8 for M5 and M6. The
amplitude of this maximum is about 6.3 dB, 7.2 dB,
7.9 dB, 10.7 dB, 10.7 dB, and 11.5 dB for M2, M3, M4,
M1, M6, and M5, respectively. It can be seen that the
attenuation curves of M2, M3, and M4 have the same
shape and they are very close for ka near 2.5 then they
are slightly increasing with the increase of the flow
resistivity and the viscous characteristic lengths. It is
remarkably seen that the attenuation is very high espe-
cially at higher frequencies for M5 and M6 due to great
airflow resistivity. It is noticeable that the attenuation
related to d = 24 mm has its maximum at the low-
frequency zone until ka = 2 and then, the attenuation
is better related to the higher values of flow resistiv-
ity. Thus, it can be concluded that the higher depth
(d = 24 mm) is better to enhance the attenuation par-
ticularly in low-frequency region and the flow resisti-
vity can be more efficient especially in high-frequency
region. So, the flow resistivity and the depth are con-
sidered to be effective for improved acoustic attenua-
tion.

Fig. 5. Acoustic power attenuation of the configuration
(I-a) of duct having sudden radius widening for several
studied porous materials with the perforated plate P1.

5.1.2. Perforated plates proprieties effects

The acoustic power attenuation of the configura-
tion (I-a) for three porous materials covered with three
perforated plates is illustrated in Fig. 6. It can be noted
that the decrease of the porosity generates an increase
of acoustic attenuation for the three porous materials.
By considering only the porosity, a maximum of at-
tenuation passes from 6 dB for the M1.P2 to 6.8 dB
for the M1.P1 and Watt,max = 3.6 dB for the M2.P2 to
Watt,max = 4.3 dB for the M2.P1 andWatt,max = 3.1 dB
for the M3.P2 to Watt,max = 4 dB for the M3.P1. The
decrease of the porosity is considered to be effective
for increasing acoustic attenuation. It can be seen that
the attenuation very slightly grows with the decrease
of the plate hole diameter except for ka above 3.05 for
M1.P1 when compared to perforated plates P2 and P3.

Fig. 6. Acoustic power attenuation of the configuration
(I-a) of duct having sudden radius widening for several used

porous materials and perforated plates.

Figure 7 shows the acoustic power attenuation
of the configuration (II-a) for three porous materials
covered with three perforated plates. Results show that
the variation of the attenuation is changed for all three
porous materials according to the proprieties of perfo-
rated plates. It is seen for ka above 1.5, that the attenu-
ation grows as the decrease of the porosity for the first
porous material, where the maximum of attenuation
passes from 9.6 dB for M1.P to 10.3 dB for M1.P2 at
ka = 3. For M2 and M3 porous materials, the maximum
of attenuation varies: Watt,max = 7.3 dB for M2.P1 to
Watt,max = 4.6 dB for M2.P2 and Watt,max = 6.3 dB for
M3.P1 to Watt,max = 4.2 dB for M3.P2. Considering
only the plate hole diameter, it is observed that the
decrease of the hole diameter of the plate generates
an increase of the attenuation for all three porous ma-

Fig. 7. Acoustic power attenuation of the configuration
(II-a) for several perforated plates coupled with three used

porous materials.
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terials when compared P2 and P3 perforated plates:
Watt,max = 7.3 dB for M1.P2 to Watt,max = 4.6 dB for
M12.P3 andWatt,max = 6.3 dB for M2.P2 toWatt,max =
4.2 dB for M2.P3 and Watt,max = 6.3 dB for M3.P2 to
Watt,max = 4.2 dB for M3.P3. It is concluded that the
plate porosity has a significant influence on the atten-
uation.

5.2. Parametric study

The only models used to estimate the acoustic
impedance of the perforated plate and the porous ma-
terial for evaluating the effects of the liner characteris-
tics are respectively P1 and Acusticell (M1). The effect
of nine parameters is studied by varying one parameter
and leaving the others fixed.

5.2.1. Configurations of ducts having
a radius narrowing

Plate characteristics effects. Figure 8 shows the effect
of the plate thickness on the acoustic power attenu-

a)

b)

c)

Fig. 8. Effect of the plate thickness t [mm] on the acoustic
power attenuation for ducts of the three studied configura-

tions versus ka: a) (I-a), b) (I-b), and c) (I-c).

ation, respectively, for configurations (I-a), (I-b), and
(I-c) versus ka. These figures indicate that the acous-
tic power attenuation increases, as a function of fre-
quency ka; however, a drop can be noticed at the
first mode cut-on frequency in Fig. 8a as well as in
Fig. 8b, where the attenuation exhibits drop at the
mode cut-on frequencies. It is observed that the varia-
tion of the plate thickness from 0.5 to 8 mm has an
effect in Figs 8a and 8b, however, it has no signifi-
cant effect in Fig. 8c with small variation at higher
frequencies which does not exceed 2 dB. It can be
seen that the more plate is thick the attenuation is
greater. This growing of the attenuation appears in
Fig. 8a for ka ranging from to 0.7 to 2.7, especially at
ka =1.8 the (1,0) cut-on frequency. The maximum at-
tenuation passes from 4.6 dB for t = 0.5 mm to 7 dB
for t = 8 mm at ka = 1.8. With reference to Fig. 8b,
the increase of the attenuation appears in the in-
terval of ka = [1, 1.8] and ka = [2.5, 3]. The maxi-
mum attenuation passes from 6.8 dB for t = 0.5 mm
to 10 dB for t = 8 mm in ka = 1.8, and from 8.1 dB
for t = 0.5 mm to 11 dB for t = 8 mm in ka = 3.05.
The observed effect is explained by the fact that the
mass of air contained in the perforation is more im-
portant when the plate is thicker. Acoustic resistance
increases with increasing plate thickness and the ther-
mal and viscous boundary layers in the perforations are
present on a larger surface. The acoustic dissipation
is, therefore, more important. The attenuation drops
being a reflection of a filtering higher order modes:
mode conversion phenomenon. It is found that the fre-
quency of peak attenuation where the thickness can
affect significantly remains identical regardless of t,
around to attenuation drops. This implies that filter-
ing the modes is related to the duct radius. In fact, by
changing the radius, the modal distribution varies and
consequently the conversion phenomena between the
modes.

As shown in Figs 8a and 8b, the attenuation of con-
figuration (I-a) is close to the configuration (I-b) but
with less abrupt variations. The level of attenuation of
the configuration (I-c) differs from others due to liner
position change. Results show that maximum attenu-
ation and the corresponding frequency change in each
studied configuration and they are about 7.1 dB at ka
= 1.8, 10.97 dB at ka = 3.03, and 17.1 dB at ka = 3.8
for configurations (I-a), (I-b), and (I-c), respectively.
This leads to say that the configuration (I-c), having
a lined part before a sudden radius narrowing, is more
absorbent and also more efficient than configurations
(I-a) and (I-b).

Figure 9 displays the effect of the perforation dia-
meter of the perforated plate on the acoustic power at-
tenuation of ducts respectively of configurations (I-a),
(I-b), and (I-c) versus ka. Results show that this pa-
rameter has a significant effect. It can be noted that
the attenuation curves changed in the same form for
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a)

b)

c)

Fig. 9. Effect of the hole diameter diameter dp [mm] of
the perforated plate on the acoustic power attenuation
of the three studied configurations: a) (I-a), b) (I-b), and

c) (I-c).

all three studied configurations, when varying the hole
diameter dp, from 0.1 mm to 10 mm.

The results related to dp = 0.1 and 1 mm are very
close, indicating that the attenuation curves increase
to the final point when ka increases, with drops at
the mode cut-on frequencies, as shown in Fig. 9b. The
maximum of acoustic power attenuation varies signifi-
cantly from each configuration and it changes as fol-
lows:

• for dp = 0.1 mm, the maximum attenuation is
about 6 dB, 9 dB, and 13.3 dB for configurations
(I-a), (I-b), and (I-c), respectively;

• for dp = 1 mm, this maximum is about 6.8 dB,
9 dB, and 15.3 dB for configurations (I-a), (I-b),
and (I-c), respectively.

Based on the results obtained from dp = 5 mm to
10 mm, it can be noted that the attenuation curves
present peaks, whose amplitudes and corresponding
frequencies increase when dp increases, except for that

in Fig. 9c, which displays a slight decrease of the am-
plitude. In addition, it is observed that the frequency
band becomes narrower. These peaks are formed with
larger diameters, giving rise to a resonance peak-
type in the acoustic attenuation at medium frequency.
Smaller diameters do not make it possible to highlight
this phenomenon (not showing resonance peak attenu-
ation). This is attributed to the fact that the diameter
is too small, and therefore the acoustic waves are re-
flected from the plate instead of entering through the
absorbing material. For dp = 10 mm, results show that
the attenuation reaches a maximum near ka equal 1.3
and the amplitude of this maximum is about 12 dB,
10.4 dB, and 10.8 dB for configurations (I-a), (I-b), and
(I-c), respectively. According to the results of attenu-
ation, it can be concluded that configuration (I-c) is
more absorbent than configurations (I-b) (∼5 dB) and
(I-b) (∼3 dB). Thus, configuration (I-c) is the most ef-
ficient.

Figure 10 displays the effect of the variation of
the plate porosity on the acoustic power attenuation

a)

b)

c)

Fig. 10. Effect of porosity σp [%] of the perforated plate on
the acoustic power attenuation of the three studied configu-

rations: a) (I-a), b) (I-b), and c) (I-c).
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respectively for the configurations (I-a), (I-b), and
(I-c) versus ka. It is noteworthy that the effect of
σp in all three figures is almost similar, and signifi-
cant as well. With the exception of σp = 0.1%, It
can be observed that the attenuation increases with
the frequency ka, however, it slightly decreases for
high frequencies (ka above 3) in Fig. 10a and it drops
at the mode cut-on frequencies in Fig. 10b. Increas-
ing the porosity generates a decrease of acoustic at-
tenuation and remains almost close for σp = 5, 10%.
For σp = 0.1%, the acoustic power attenuation shows
a peak at low frequency ka ∈ [0.5, 1] and it is rela-
tively small (∼<2 dB) outside that range. The ampli-
tude of this peak is about 8 dB, 5 dB, 7.1 dB for con-
figurations (I-a), (I-b), and (I-c), respectively. Results
show clearly that σp = 1% is more efficient in terms
of enhancing the acoustic attenuation of major parts of
curves. A maximum of attenuation is about 8.2 dB,
11.3 dB, and 15.6 dB in the range of ka = [2.8, 3] for
configurations (I-a), (I-b), and (I-c), respectively. Ac-
cordingly, configuration (I-c) with porosity 1% is the
most efficient and it can be a reasonable choice from
an acoustical design point of view.

Material porous properties effects. The effect of the
flow resistivity (σ) on the acoustic power attenuation
versus ka for the three studied configurations (I-a),
(I-b), and (I-c) are presented in Fig. 11. Results show
that the variation of acoustic power attenuation, in all
studied configurations, is similar to that of the effect
of thickness in Fig. 8; however, the attenuation curves
of Fig. 11c are slightly disturbed. It is observed that
the attenuation reaches its maximum for ka, varying
from 3 to 3.8. The amplitude of this maximum is about
7.8 dB, 10 dB, and 15.6 dB for configurations (I-a),
(I-b), and (I-c), respectively. According to these figures
it can be concluded that increasing the flow resistivity
from 103 N ⋅ s/m4 to 10 000 N⋅s/m4 has no effect. The
variation of the acoustic power attenuation is negligi-
ble. On the other hand, increasing σ to the values of
5 ⋅ 104 N ⋅ s/m4 and 105 N ⋅ s/m4 generates an increase
of acoustic attenuation, except for that at ka above
2.1, where attenuation varies inversely in Fig. 11a, and
for σ = 105 N⋅s/m4 in Fig. 11c, which presents a small
decrease at ka above 1.5. This increase is more appar-
ent near the first mode cut-on frequency in Figs 11a
and 11b about ∼4 dB, while it does not exceed 3 dB in
Fig. 11c. This can be elucidated by the increase of the
thermal and viscous dissipations of each configuration,
when the flow resistivity of the material increases. It is
concluded that configuration (I-c) is the most efficient,
particularly at high frequencies, thus the material of
σ = 5 ⋅ 104 N ⋅ s/m4 is an appropriate choice.

Figures 12–14 exhibit, respectively, the effect of the
variation of the thermal permeability, the tortuosity,
and the porosity of the porous material on the acous-
tic power attenuation versus ka for the configurations

a)

b)

c)

Fig. 11. Effect of the flow resistivity σ [N ⋅ s/m4] of the
porous material on the acoustic power attenuation of the
three studied configurations: a) (I-a), b) (I-b), and c) (I-c).

(I-a), (I-b), and (I-c), respectively. These figures show
that the three parameters of porous material k′0, α∞,
and φ give close results and the variation of the atten-
uation is almost the same for each of the studied con-
figuration. The attenuation behavior for each configu-
ration can be described as follows: the acoustic power
attenuation gradually increases when ka rises, howe-
ver, showing a very little decrease near to ka = 1.8
and it slightly reduces again from ka = 3.05, the se-
cond cut-on frequency in configuration (I-a) as well as
configuration (I-b) but the drops at the mode cut-on
frequencies are higher and a very small fluctuations
are observed in configuration (I-c). The effect of these
parameters is evaluated by varying: the thermal per-
meability from 10−7 to 10−10, the tortuosity α∞ from
1 to 2.5, and the porosity φ from 0.5 to 0.9. The val-
ues variation of each of these parameters shows that
there is no significant effect on the acoustic attenua-
tion. Figure 12 shows that the variation of the attenu-
ation is negligible and it does not exceed 2 dB. A ma-
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a)

b)

c)

Fig. 12. Effect of the thermal permeability k′0 [m2] of the po-
rous material on the acoustic power attenuation of the three

studied configurations: a) (I-a), b) (I-b), and c) (I-c).

ximum of attenuation is noted for ka greater than 3,
being about 7.5 dB, 9 dB, and 17 dB for configura-
tions (I-a), (I-b), and (I-c), respectively. Figure 13 also
shows that there is no effect of the tortuosity on at-
tenuation for ka below 1.9 in Figs 13a and 13c, and
for ka below 2.3 in Fig. 13b. However, above these val-
ues of ka, the attenuation increases slightly when α∞
increases. For Figs 13a and 13b, the increase of the
acoustic power attenuation is smaller to 2 dB but it
passes from 13.2 dB for α∞ = 1 to 16.3 dB for α∞ = 2.5
at ka = 3.6 in Fig. 13c. It is concluded that tortuos-
ity α∞ has a low effect only for higher frequencies,
since it describes the inertial effects in the high fre-
quencies. The attenuation reaches a maximum for val-
ues of ka ranging between [3, 3.8]. This maximum is
about 8 dB, 10.5 dB, and 16.4 dB for configurations
(I-a), (I-b), and (I-c), respectively. Figure 14 indicates
that the effect of the porosity is not important, with
small increases of attenuation as the porosity increases
in the range of ka = [1, 2.5] in Figs 14a and 14b. Re-
sults show that the attenuation reaches a maximum for

a)

b)

c)

Fig. 13. Effect of tortuosity α∞ of the porous material on
the acoustic power attenuation of the three studied confi-

gurations: a) (I-a), b) (I-b), and c) (I-c).

values of ka ranging between (3.5, 3.8). A maximum of
attenuation varies for each configuration: (I-a): 7.4 dB;
(I-b): 8.8 dB; (I-c): 15.4 dB. It can be concluded from
these results that the effect of these parameters is not
significant because they are found in a quite small
porous layer and therefore, the effects: inertial, viscous
and thermal between fluid and structure are low. It
is noticeable also that configuration (I-c) is more ef-
ficient compared to configurations (I-a) and (I-b), it
yields a better attenuation for the three Figs 12, 13,
and 14.

Figure 15 represents the effect of viscous charac-
teristic length (Λ) on the acoustic power attenuation
versus ka for configurations (I-a), (I-b), and (I-c), re-
spectively. These figures reveal that this parameter has
a remarkable effect and the attenuation curves in all
three configurations vary, with similar form. By vary-
ing length Λ from 10−3 to 10−6, the effect of this pa-
rameter was evaluated in all three figures: it is shown
that the low values of Λ (from 10−3 to 10−4) has no
effect on the attenuation and the variation of attenu-
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Fig. 14. Effect of the porosity φ of the porous material on
the acoustic power attenuation of the three studied configu-

rations: a) (I-a), b) (I-b), and c) (I-c).

ation curves is similar to the thermal permeability ef-
fect k′0. Increasing this parameter to 10−5 generates an
increase of the attenuation for ka below 2.6 in Figs 15a
and 15b (which presents a maximum of attenuation),
as well as in Fig. 15c for ka below 1.55. It is observed
that increasing Λ to 10−6 generates strong decreases
of the attenuation in all configurations, which remain
almost at the same line. The maximum attenuation
and the corresponding frequencies vary for each figure
as follows: (I-a): 8.8 dB at ka = 1.6 for Λ = 10−5; (I-b):
10 dB at ka = 1.4 for Λ = 10−5; (I-c): 16.1 dB at ka = 3.8
for Λ = 10−4. According to these results, it can be con-
cluded that configuration (I-c) is the most absorbent,
with the value of Λ = 10−5, being good at low frequency
region and that related to Λ = 10−3 and Λ = 10−4 can
be more efficient at high frequency region.

Figure 16 represent the effect of the depth of the
porous material on the acoustic power attenuation ver-
sus ka, respectively, for configurations (I-a), (I-b), and
(I-c). These figures show that this parameter has a sig-

a)

b)

c)

Fig. 15. Effect of the characteristic viscous length Λ [m] of
the porous material on the acoustic power attenuation
of the three studied configurations: a) (I-a), b) (I-b), and

c) (I-c).

nificant effect. The increase of the depth d from 0.01 m
to 0.08 m introduces an increase of the acoustic atten-
uation into each configuration. The attenuation curves
became very close for the values d = 0.06, 0.08 m. The
increase of the frequency increases the attenuation in
all studied configurations, with small variations: It can
be seen that Figs 16a and 16b, which differ on the type
of discontinuity, yield close results with a slight diffe-
rence, manifested by a drop at the mode cut-on fre-
quencies in Fig. 16b, which has a slightly more impor-
tant maximum of attenuation (∼3 dB). As expected,
configuration (I-c) exhibits a slight perturbation, while
having a better attenuation than the other configu-
rations. The maximum of attenuation and the corre-
sponding frequencies vary with respect to each figure
as follows: (I-a): 3.8 dB at ka = 3.6 for d = 0.01, and
8.4 dB at ka = 1.8 for d = 0.08; (I-b): 4.7 dB at ka =
3.8 for d = 0.01, and 11.2 dB at ka = 3 for d = 0.08;
and (I-c): 3.8, 5 dB for d = 0.01, and 16.5 dB for
d = 0.08.
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a)

b)

c)

Fig. 16. Effect of the depth d [m] of the porous material on
the acoustic power attenuation of the three studied configu-

rations: a) (I-a), b) (I-b), and c) (I-c).

5.2.2. Configurations of ducts having an area widening

Plate characteristics effects. The effect of the plate
thickness on the acoustic power attenuation of configu-
rations (II-a), (II-b), and (II-c) are presented, respecti-
vely, in Fig. 17. These figures reveal that the results
changed compared to those of Fig. 8, with regard to
the cases of ducts having a radius narrowing. The
acoustic behavior of each studied configuration can be
described as follows: The acoustic power attenuation
increases when ka increases, however, Fig. 17a shows
drops at the mode cut-on frequencies. Moreover, per-
turbations of the attenuation are observed in Fig. 17b
from ka above 2 and also a small fluctuation appears
in Fig. 17c. This is explained by the fact that widen-
ing radius discontinuity creates evanescent waves that
cause disturbances, when coupled with the propagat-
ing waves. By increasing the plate thickness from 0.5
to 8 mm, results show that this parameter has a negli-
gible effect in configuration (a) for ka values less than

a)

b)

c)

Fig. 17. Effect of the perforated plate thickness t on the
acoustic power attenuation of the three studied configura-

tions: a) (II-a), b) (II-b), and c) (II-c).

2.8 and it becomes low when ka is greater than 3, not
exceeding 2 dB. Moreover, in configuration (b), the
thickness has no effect up to ka = 2, where the at-
tenuation starts to increase slightly with the thickness
increase, except for t = 8 mm. The effect of plate thick-
ness on configuration (II-c) is significant particularly
at medium frequencies: the increase of this parameter
generates an increase of the acoustic attenuation and
its maximum passes from 7 dB for t = 1 mm to 14 dB
for t = 8 mm at ka = 1.8. In each configuration, a maxi-
mum of attenuation is about: (II-a): 10.9 dB; (II-b);
25 dB; (II-c): 20 dB. It is noticeable that the results of
these figures are more appropriate than the ones hav-
ing radius narrowing. Therefore, the configurations of
ducts having widening radius are more efficient than
the three figures of a duct having a narrowing portion.

Figure 18 presents the effect of variation of the
plate porosity σp on the acoustic power attenuation
versus ka for the three studied configurations (II-a),
(II-b), and (II-c). These figures show that the form



D. Tounsi et al. – Evaluation of the Acoustic Performance of Porous Materials Lined Ducts. . . 235

a)

b)

c)

Fig. 18. Effect of the plate porosity on the acoustic po-
wer attenuation for the studied configurations: a) (II-a),

b) (II-b), and c) (II-c).

of attenuation curves changes in each configuration,
when σp = 0.1, 1%. The acoustic attenuation presents
a peak at low frequencies range ka = [0.3, 0.8] for
σp = 0.1% and then decreases until getting close to
zero. For σp = 1%, the attenuation increases to reach
a maximum equal 10 dB at ka = 0.6 and then slightly
decreases, being equal to 8 dB at ka = 3.8. With re-
gards to Figs 18b and 18c, the attenuation curves
present a peak, exhibiting a maximum in the range
of ka = [0.8, 2.65]. However, the acoustic power at-
tenuation increases at the final point when ka rises
for σp = 5, 10%. On the other hand, these attenua-
tion curves are characterized by drops appearing in the
mode cut-on frequencies for Fig. 18a and small distur-
bances for Figs 18b and 18c. The maximum of acoustic
power attenuation changes for each figure: (a): 14 dB
for σp = 5%; (b): 17.6 dB for σp = 1%; (c): 17.2 dB
for σp = 5%. It is noticeable that the low values of
σp have a great influence on the attenuation curves
forms of each type of duct. It is found that the acous-

tic attenuation is better in configurations pertaining to
the case of radius widening compared to the configu-
rations related to the duct having a narrowing por-
tion presented in Fig. 10. The maximum of atten-
uation changes from (II-a): 7.1 dB; (II-b): 10.97 dB;
(II-c): 17.1 dB in the case of narrowing (Fig. 10) to
(a): 17.8 dB; (b): 17.8 dB; (c): 17.1 dB in the case of wi-
dening. It is concluded that the widening radius of duct
improves the acoustic attenuation by the reflection of
acoustic waves into its discontinuity.

The effect of the plate hole diameter dp on the
acoustic power attenuation in the case of radius widen-
ing of ducts for different studied configurations are
plotted in Figs 19a, 19b, and 19c, respectively, for con-
figurations (II-a), (II-b), and (II-c). Results of these
figures are close to that of the effect of porosity with
small variations, manifested as follows: the attenuation
increases until reaching a maximum about 5.6 dB, ka =
0.4 and 7.7 dB, ka = 0.5, respectively, for diameters 10
and 5 mm, then disturbances are observed, in Fig. 19a.
On the other hand, such attenuation peaks slightly

s)

b)

c)

Fig. 19. Effect of the diameter dp [mm] of the perforated
plate on the acoustic power attenuation of the three studied

configurations: a) (II-a), b) (II-b), and c) (II-c).



236 Archives of Acoustics – Volume 47, Number 2, 2022

shift towards ka, being greater in Figs 19b and 19c.
It is noted that the maximum attenuation is always
given by smaller diameters values.

The results related to dp = 0.1 mm are better in
the entire frequency range in Fig. 19a, similarly for ka
above 1.6 in Fig. 19c, and when dp = 1 mm the results
are rather good in Fig. 19b, for ka above 1.6. This is ex-
plained by the fact that the smaller the diameter is, the
stronger the resistance of the plate is and thus leading
to the attenuation increase. The maximum attenua-
tion according the frequency change from each figure
is (a): 13 dB, ka = 1.8 for dp = 0.1 mm; (b): 21.5, ka =
3.6 for dp = 1 mm; (c): 17.8 dB, ka = 3 for dp = 0.1 mm.
The comparison of the various models of the lined duct
discontinuities suggests that the choice of dp = 1 mm in
configuration (II-b) is reasonable to improve the acous-
tic power attenuation.

Material porous properties effects. The effect of the
flow resistivity on the acoustic power attenuation for
configurations (II-a), (II-b), and (II-c) is plotted, re-

a)

b)

c)

Fig. 20. Effect of the flow resistivity σ [N ⋅m−1
⋅ s] of the po-

rous material on the acoustic power attenuation of the three
studied configurations: a) (II-a), b) (II-b), and c) (II-c).

spectively, in Figs 20a, 20b, and 20c. It is observed
that the attenuation curves are almost identical for
the values of σ = 1000 to 10 000 N ⋅ s/m4 and the flow
resistivity does not influence these values. However,
the attenuation curves show an increase for σ = 50 000
and 100 000 N ⋅ s/m4 from ka above 1.9, in Fig. 20a,
and in the entire frequency range in Fig. 20c. It can
be concluded that the variation of the flow resistivity
has an influence only on high values. It is noted that
configuration (II-b) presents a fluctuation, which in-
creases for σ = 50000 N ⋅ s/m4, however, it decreases
for σ = 100 000 N ⋅ s/m4. A maximum of attenuation
according the frequency is observed for each configu-
ration it is about: (II-a): 11.8 dB, ka = 3.8; (II-b): 21,
ka = 3.7; (II-c): 10, ka = 1.9. As expected, Fig. 20c is
the most efficient to reduce noise.

Figures 21–23 present respectively the effect of the
variation of the thermal permeability, the tortuosity
and the porosity of the porous material on the acous-
tic power attenuation versus ka, respectively, for the
configurations (II-a), (II-b), and (II-c) for the case

a)

b)

c)

Fig. 21. Effect of the thermal permeability k′0 [m2] of the po-
rous material on the acoustic power attenuation of the three
studied configurations: a) (II-a), b) (II-b), and c) (II-c).
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widening of portion in duct. As expected, the influence
of each of these parameters on the acoustic attenua-
tion for each studied configuration is negligible. Except
that for frequencies higher than ka = 3.1, in Figs 22b
and 22c where the acoustic attenuation becomes dis-
turbed and it decreases with the increase of the tortu-
osity. As well, in Fig. 23b, the attenuation grows with
the increase of the porosity. It can be observed that
the variation of the attenuation each those configura-
tion (II-a), (II-b), and (II-c) is almost the same when
varying each of the three parameters k′0, α∞, and φ,
but it changes a little when compared with configu-
rations (I-a) and (I-b) in the case of a duct having
radius narrowing. The acoustic behavior for all config-
urations of duct presenting widening of the radius can
be described as follows: the acoustic power attenuation
gradually grows when ka increases, but there are drops
at the mode cut-on frequencies in configuration (II-a),
a very small fluctuations are observed in configuration
(II-b) which are more appears in Fig. 22b. The acous-
tic behavior in configuration (II-c) for the three porous

a)

b)

c)

Fig. 22. Effect of the tortuosity α∞ of the porous material
on the acoustic power attenuation of ducts of the studied

configurations: a) (II-a), b) (II-b), and c) (II-c).

a)

b)

c)

Fig. 23. Effect of the porosity φ of the porous material on
the acoustic power attenuation of ducts with radius widen-
ing for the three studied configurations: a) (II-a), b) (II-b),

and c) (II-c).

parameters k′0, α∞, and φ is similar to that described
for configuration (I-c) with small variation in Fig. 22c.
It can be also seen that the attenuation is maximum for
ka = 1.8 for configuration (II-a) and it reaches a maxi-
mum for ka ranging from 3.5 to 3.8 for configurations
(II-b) and (II-c) as shown in Figs 21, 22, and 23.

For the thermal permeability, the attenuation lev-
els are about 10.7 dB, 25 dB, and 17.5 dB for the
(II-a), (II-b), and (II-c) configuration, respectively. It is
clearly seen that the levels of attenuation for configu-
rations of ducts having widening radius higher than
that given in the case of duct with narrowing radius
(I-a): 7.5 dB; (I-b): 9 dB; (II-c): 17 dB. For the tortu-
osity, it can be seen from Figs 22a, 22b, and 22c that
the maximum of attenuation varies for each configura-
tion (II-a): 11.2 dB; (II-b): 22.3 dB; (II-c): 18 dB. As
expected, the results of a widening radius of ducts are
better compared to those of the narrowing radius of
ducts. Configuration (II-c) is a good choice because it
yields good results, being less disturbed than configu-
ration (II-b).

For the porosity, it is observed from Figs 23a, 23b,
and 23c, a maximum of attenuation varies with respect
to each configuration as follows: (II-a): 10.6 dB, ka =
1.8; (II-b): 21.2 dB, ka = 3.7; (II-c): 17.6 dB, ka = 3.8.
Thus, configuration (II-c) yields the best results of the
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greater attenuation, especially at high frequency and
it is more efficient compared to the case of narrow-
ing portion ducts (II-a): 11.8 dB; (II-b): 10 dB; (II-c):
15.4 dB.

Effect of the characteristics lengths of the porous ma-
terial. The effect of the characteristic viscous length
for all studied configurations (II-a), (II-b), and (II-c)
is plotted in Fig. 24. It can be noticed from these
figures that the attenuation curves for the values of
Λ = 1e−3, 1e−4 are almost confused with small varia-
tion, not stable for ka above 2, in Fig. 24b, and the
variation of the acoustic power attenuation is similar to
Fig. 15 in the case of narrowing portion. However, for
the values of Λ = 1e−5, 1e−6, the forms of attenuation
curves change. The attenuation slightly increases in
the interval [0, 0.8] and then it represents fluctuations,
which remain almost at the same level. The maximum
of attenuation varies with respect to each configura-
tion as follows: 10.8 dB, ka = 1.8 for (a); 25 dB, ka =
3.4 for (b); 17.7 dB, ka = 3.8 for (c). The results reveal

a)

b)

c)

Fig. 24. Effect of the characteristic viscous length Λ [m]
of the porous material on the acoustic power attenuation of
the three studied configurations: a) (II-a), b) (II-b), and

c) (II-c).

that Fig. 24b, with a progressive discontinuity, is the
most efficient in terms of improving the acoustic power
attenuation, precisely at higher ka number.

Effect of the depth of the porous material. The effect of
the depth of the porous material on the acoustic power
attenuation for all studied configurations (II-a), (II-b),
and (II-c) are plotted in Fig. 25. These figures reveal
that the variation of the acoustic power attenuation is
similar to Fig. 13 in the case of portion narrowing of the
duct with small difference; however, the level of maxi-
mum attenuation is higher. The difference between the
two cases is that Fig. 25a shows drops at the mode
cut-on frequencies and disturbances of attenuation are
observed in Fig. 25b. A maximum of attenuation accor-
ding the frequency for each configuration is about:
(II-a): 11.7 dB, ka = 3.8; (II-b), 16.8 dB, ka = 2.7;
(II-c): 18 dB, ka = 3.8. The analysis of the effect of
the depth of the porous material in all studied con-
figurations reveals that configuration (II-c) in the case
of widening portion duct is the most absorbent, with
a diameter 0.08 mm, being the most efficient in the
entire frequency range.

a)

b)

c)

Fig. 25. Effect of the depth d [mm] of the porous material on
the acoustic power attenuation of studied configurations:

a) (II-a), b) (II-b), and c) (II-c).
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6. Conclusion

In this work, the effect of variation of the liner pa-
rameters on the acoustic power attenuation of lined
ducts discontinuities is performed using the multi-
modal scattering matrix computed numerically. In
fact, this study is carried out based on six configu-
rations to show the relative influence of discontinuities
geometries and liner position in duct systems. The fol-
lowing primary conclusions are drawn from the results
of this study:

• The results of effect of parameters of liner on the
attenuation reveal that:

– For the case of narrowing duct: the maxi-
mum of attenuation of configuration (I-b)
is greater compared to that of configuration
(I-a) (∼2–4 dB), while it is less important for
configuration (I-c), with a maximum of 5–
8 dB.

– For the cases of widening duct: configura-
tion (II-a) is less important than those of
configurations (II-b) and (II-c). The maxi-
mum attenuation is greater for configuration
(II-b) (∼4–11 dB) and configuration (II-c)
(∼4–7 dB) compared to that of configura-
tion (a). It is noted that configuration (II-a)
is not so effective for absorbing sound and
therefore it is not preferable in the design of
ducts systems.

• Among the various studied geometries, the case of
widening duct is always better to increase the
acoustic attenuation due to the reflection of the
sound at the section discontinuities and more pre-
cisely in configurations (II-b) and (II-c), which
yield the best results; however, these discontinu-
ities cause disturbances of acoustic waves at high
frequency range.

• The most influencing parameters of liner are those
of the plate parameters and some parameters of
porous material such as: Λ and d. Moreover, thick-
ness t and flow resistivity σ have an influence only
on some configurations.

The results presented in this work would be of great
help as far the design of ducts and liner is concerned.
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