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Abstract
In this paper, a more general sound absorption model for double layered nonwovens is 
proposed firstly by using the theory of C. Zwikker and C. W. Kosten for sound propagation 
through porous flexible media and sound propagation boundary conditions, and then  a 
model simulation is detailed by changing the effective structure parameters of nonwovens. 
Double layered nonwovens composed of polyester fiber in the outer layer and nylon fiber 
in the inner layer is investigated in detail and the effects of acoustic parameters includ-
ing the thickness and porosity of each layer on the absorption coefficient are analysed 
by numerical calculation, respectively. It shows that a double layered sound absorbing 
structure made of nonwovens has excellent sound absorption and can afford a sufficiently 
satisfying sound absorption level in a cared frequency range. In theory, this model can be 
used to calculate the absorption coefficients of  double layered nonwovens composed of two 
different nonwoven materials . In practice, the sound absorption model for double layered 
nonwovens provides  theoretical support for  high performance sound absorber design and 
manufacture.
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lytical results as those of Shoshani [1].  
Furthermore, some experimental studies 
have been presented for  composite non-
wovens, for example the noise absorption 
capacity of thermally bonded nonwovens 
in the range of audible frequencies (15 - 
2500 Hz) was reviewed in [16]. In anoth-
er study the noise absorption coefficients 
and sound transmission loss were meas-
ured for a nonwoven composite of acti-
vated carbon fibre nonwoven (ACF) with 
cotton nonwoven, where the composites 
of the cotton nonwoven base layer were 
with a layer of glass fibre nonwoven, and 
the cotton nonwoven base layer was with 
a layer of cotton fibre nonwoven respec-
tively [17]. In another work the sound 
absorption coefficient was tested by the 
impedance tube method (ASTM E 1050) 
and three types of nonwovens were de-
veloped using the needle-punching tech-
nique by blending bamboo, banana, and 
jute fibres with polypropylene staple fi-
bres in the ratio of 50:50 [18]. Motivated 
by all these research works, this paper 
attempted to investigate the acoustic per-
formance of  double layered nonwoven 
composed of two different nonwoven 
materials, and a more general model for 
calculating the absorption coefficients of 
double layered nonwovens is presented 
by using  Shoshani’s work.

The layered absorbing structure is com-
posed of different sound absorption ma-
terial according to certain parameters, 
making the acoustic attenuation in the 
absorbing layer structure  achieve good 
sound absorption [19]. The results show 
that the layered absorbing structure can 
produce a sufficiently satisfying sound 
absorption level in a cared frequency 

n	 Introduction
In recent years, with people’s concern 
for noise pollution,  research on  sound 
absorption materials has been paid more 
and more attention [1 - 9]. Nonwovens 
can be used for controlling  noise for a 
wide range of applications, such as wall 
claddings, acoustic ceilings and barriers, 
carpets, and so on [1 - 6]. Therefore the 
sound absorption mechanism of Nonwo-
vens has been given more and more atten-
tion,  achieving fruitful results. The first 
monumental work on this subject was 
presented by C. Zwikker and C. W. Ko-
sten [10],  which regarded a porous me-
dium as a mixture of two phases, with air, 
solid material and  sound wave reacting 
differently in the two phases. The math-
ematical analyses of the basic equations 
in this theory predict two forward and 
two backward waves travelling through 
the medium. Later a more appropriate 
model was suggested by Dent based on 
the theory of Zwikker and Kosten [11]. 
Subsequently some investigations on 
Nonwoven sound absorption were pre-
sented, for example  sound absorption  
materials made of cylindrically shaped fi-
bres arranged in a batting were examined 
in [12]; a model for high porosity Kev-
lar consisting of long flexible fibres was 
developed in [13, 14]; by incorporating 
two theoretical models for nonwoven and 
plain knitted fabrics, a suitable theoreti-
cal model was obtained for calculating 
the sound absorption coefficient of weft 
knitted fabrics with complex structures 
in [15]. Especially the noise absorption 
coefficient of some nonwovens was cal-
culated based on  Dent’s work by using a 
different method, yielding the same ana-
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range [8, 9, 13, 14, 20 - 23]. In order to 
design noise absorbers including several 
layers with different properties, a theo-
retical generalisation of the Zwikker and 
Kosten model was suggested in [20], 
and the effect of the variation in poros-
ity on the sound absorption coefficients 
of three webs made of cotton, acrylic 
fibres and polyester were examined  us-
ing this model, respectively [21]. Then 
the relationships between the material 
parameters, i.e. the fibre fineness, po-
rosity, areal density, layering sequence 
and airflow resistivity with the normal-
incidence sound absorption coefficient of 
nonwoven composites consisting of three 
layers were studied in [22]. Motivated by 
all these research works, in this paper, a 
more general model for calculating the 
absorption coefficients of double layered 
nonwovens is given  using the theory of 
C. Zwikker and C. W. Kosten for sound 
propagation through porous flexible me-
dia and  sound propagation boundary 
conditions on the interface, which can 
be used to calculate the absorption co-
efficients of  double layered nonwovens 
composed of two different nonwoven 
materials normally and provide a theo-
retical support for product design.

	 Absorption model of single 
layered nonwoven

In this section, we review the sound ab-
sorption process of  single layered non-
wovens. When the sound waves propa-
gate through nonwoven materials, part of 
the sound wave is reflected, part of the 
sound wave is absorbed, and the remain-
ing sound wave is transmitted. This proc-
ess is shown in Figure 1. For conven-
ience, we can denote it as follows:

( ) ( )( , ) ( , )j t kx j t kx
i ai r arp x t p e p x t p ew w− += =，

Where pi(x,t) and pr(x,t) are the incident 
and reflected sound pressure, respec-

tively. Then 
ai

ar
p p

p
r =  is the reflec-

tion coefficient of sound pressure, and
2

pI rr = is the reflection coefficient of 

sound intensity.

Then, based on the Energy Conservation 
Law, the absorption coefficient is given 
as follows:

2
11 pI rr −=−=a

If we denote the nonwoven impedance at

two different kinds of nonwoven sound 
absorption materials, and suppose that 
the double layered absorption structure 
close to the rigid wall, l1 and l2, are the 
thicknesses of nonwovens A and B. For 
convenience, we use  Shoshani’s nota-
tions here [1].

Let ra and rf be the densities of air and 
fibre per unit volume of the nonwoven 
sound absorption material, and rp the 
density of the polymeric material. Then, 
ras = vasr0 and rfs = vfsrps, where the 
subscripts s = 1, 2  refer to the number 
of  layers.

Based on the discussions in literature [1], 
we can list the sequence of Equation 3.
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the front face (x = 0) as 

1

1
1 u

pz =

Then, based on the analysis in [1], we can 
get the absorption coefficient of the sin-
gle layered nonwoven as follows:

0
1 2 2

0

4
( )

AW
A W B

a =
+ +

            (1)

Where p1 = pi(0,t) + pr(0,t) is the total 
sound pressure and u1 is the total veloc-
ity of the particle at the front face (x = 0). 
A = z1(R) and B = z1(I) denote the real 
and imaginary parts of z1, respectively, 
W0 = r0c0 the characteristic impedance 
of free air, r0, c0 denote the density of 
free air and the sound speed therein,  re-
spectively. 

Based on the theory of C. Zwikker and C. 
W. Kosten on sound propagation through 
porous media, the porous medium is re-
garded as a mixture of two phases: air 
and solid material, and the sound wave 
reacts differently in the two phases. 
Mathematical analyses of the basic equa-
tions in this theory predict two forward 
and two backward waves travelling 
through the medium. Therefore the total 
sound pressure pa(x,t), pf(x,t) and total 
particle velocity ua(x,t), uf(x,t) in the air 
and fibre are solved respectively, and the 
sound impedance at the front face (x = 0) 
is obtained as follows:

1
1

1
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+
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    (2)

Where subscripts a and f refer to the air 
and fibre phases, respectively, and va and 
vf = 1 - va refer to the volume fraction of 
the air and fibre, respectively.

 	Sound absorption model 
of double layered nonwovens

In this section, according to the theory of 
C. Zwikker and C. W. Kosten for sound 
propagation through porous flexible me-
dia and  sound propagation boundary 
conditions on the interface, a model for 
calculating the absorption coefficients of 
double layered nonwovens will be pre-
sented.

The layered absorption structure is com-
posed of different sound absorption ma-
terial according to certain parameters, 
making the acoustic attenuation in the 
absorbing layer structure  achieve good 
sound absorption. An absorption model 
of double layered nonwoven materials is 
shown in Figure 2. Here A and B denote 

Figure 1. Absorption model of single lay-
ered absorption materials.

Figure 2. Absorption model of double lay-
ered nonwoven materials.
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Where u is the velocity, p the pressure, 
Cjs the undetermined coefficient for j = 
1, 2, 3, 4 and w = 2pf is the angular fre-
quency. Further relations are presented in 
the set Equations 3’. 

wr
φ

θ
as

s
s =  is the dimensionless coupling 

coefficient, 2( 1)s as s asi m vϕ wr d= − +   
the coupling parameter representing the 
drag between the fibre and air phases, 
ms the structure constant, d the resist-
ance constant of air, Kfs the fibre bulk 
modulus, Ka the air bulk modulus, 
and P0 = 1.47 Psi is the air pressure.
In the open face case, the sound imped-
ance at the front face (x = 0) is given in 
Equation 4.
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2
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In the following, we solve the sound im-
pedance z2. First, we consider the bound-
ary conditions for the problem.

Boundary condition 1: Since the front is 
‘open’, the pressure p is constant, i.e., the 
condition at the open surface (x = 0) is

1 1 1 1(0, ) (0, )f a a fv p t v p t=         (5)

Boundary condition 2: On the interface 
(x = l1), when the acoustic propagates 
from the first layered nonwoven to the 
second, the following boundary condi-
tions satisfy

       (6)

Boundary condition 3: At the back re-
flecting face (x = l1+l2), the velocities of 
both phases vanish

2 1 2 2 1 2( , ) 0, ( , ) 0a fu l l t u l l t+ = + =    (7)

Now, substituting Equation 3 into  
boundary conditions Equations 5 ~ 7, we 
get Equation 8.

(8)

To solve Equation 8, according to the re-
sults in literature [1], we denote a set of 
Equations 9.

(9)

Here, 
fs

fs
fs

K
c

r
=2  is the square of the fi-

bre wave velocity.

Note that k31 = -k11, k41 = -k12, k32 = -k12 
and k42 = -k22, and we know that

a3s = a1s, b3s = b1s, za3s = -za1s,
zf3s = -zf1s, a4s = a2s, b4s = b2s, (10)

za4s = -za2s, zf4s = -zf2s 

for s = 1, 2.

Now taking into account Equations 3 
and 8 ~ 10 in Equation 4, after some 
heavy calculations, we find Equation 11 
with matrixes for a particular D and all 
the individual coefficients.

Finally, according to Equation 1, the ab-
sorption coefficient of the double layered 
nonwoven is given in Equation 12

2 0
2 2 2

2 0 2

4 ( )
( ( ) ) ( ( ))

z R W
z R W z I
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+ +

     (12)

n	 Model simulation and analysis
In this section, we report on various 
properties of the absorption coefficient 
a2 using MATLAB. The double layered 
nonwovens composed of polyester fibres 
in the outer layer and nylon fibres in the 
inner layer are investigated by numerical 
simulation. Then programs were written 
that calculate the absorption coefficient 
a2 as a function of the thickness and po-
rosity of each layer. 

The constants involved in the calcula-
tion of the sound absorption coefficient 
are set as follows: r0 = 1.293  kg/m3, 
c0 = 340.29 m/s, P0 = 1.47 Psi ≈ 101325 Pa,  
Ka = 1.01 × 105, Kf1 = 1.1 × 1010,
Kf2 = 4.7167 × 1010,  rp1 = 1380 kg/m3, 
rp2 = 1140 kg/m3, d = 4168.6, m1 = m2 = 1. 

If va1 = 0.95, va2 = 0.99, and l1 = 
2.5  cm, the theoretical plot of the ab-
sorption coefficient a2 is as shown in 
Figure 3 (see page 106), with the thick-
ness of the inner layer set as l2 = 0.5 cm, 
l2 = 1.5 cm, l2 = 2.5 cm, l2 = 3.5 cm, and 
l2 = 4.5 cm, respectively; while if we set 
l2 = 2.5  cm, the theoretical plot of 
the absorption coefficient a2 is as 
shown in Figure  4 (see page 106), 
with the thickness of the outer lay-
er set as l1 = 0.5 cm, l1 = 1.5 cm, 
l1 = 2.5 cm, l1 = 3.5 cm, and l1 = 4.5 cm,  
respectively. If we take l1 = 4.5 cm, 

(3’)
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Observing Figure 3 to Figure 6 carefully, 
we can see that the effects on the acous-
tic properties of double layered nonwo-
vens are different for different frequency 
bands. We can state positively that with 
an increase in the thickness of the inner 
materials l2, the absorption coefficient a2 
increases sharply, especially at a low and 
medium frequency (0 ~ 1500 Hz), which 
causes the maximum absorption coef-
ficient to decrease (see Figure  3). With 
an increase in the thickness of the outer 
materials l1, the change in a2 is similar 
to that in the case of l2 (see Figure 3 and 
Figure 4), which is mainly due to the ma-
terial properties of polyester and nylon 
being similar, such as the density, bulk 
modulus and so on. Additionally, with 
an increase in the porosity of the inner 
materials va2, the absorption coefficient 
a2 changes little, especially at a higher 
frequency (see Figure 5). However, with 
an increase in the porosity of the outer 
materials va1, the frequency that causes 
the maximum absorption coefficient to 
increase  and the change in va1 have a 
greater impact on high-frequency fluctua-
tions (see Figure 6). 

In a word,  changes in the outer mate-
rial properties have a greater impact on 
the absorption coefficient at a higher 
frequency, whereas the absorption coef-
ficient at low and medium frequencies is 
determined by the properties of the inner 
and outer materials together. This phe-
nomenon can be explained as follows: for  
high-frequency sound signals, the wave-
length is short and the ‘wave number’

k
c
w

=                        (13)

is more in the outer layer, i.e.,  high-
frequency sound signals have sufficient 
contact with the outer materials. There-
fore, the outer materials have sufficient 
absorption for  high-frequency sound sig-
nals. For low-frequency sound signals, 
the wavelength is large and the ‘wave 
number’ in the outer materials is less, i.e. 
low-frequency sound signals have suf-
ficient contact with both the outer and 
inner materials. Therefore the sound ab-
sorption of the nonwoven can be consid-
ered as the comprehensive result of both 
two layered materials.

Therefore, for the design of a double lay-
ered absorption structure, the parameters 
of the outer material should be chosen 
firstly according to the high-frequency 
sound absorption performance. Then 
those of the inner material are determined  

(11)

Equation 11.

l1 = 2.5 cm, and va1 = 0.99, the theoretical 
plot of the absorption coefficient a2 is as 
shown in Figure 5 (see page 106), with the 
porosity of the inner layer set as va2 = 0.8, 
va2 = 0.85, va2 = 0.9, va2 = 0.95, and 
va2 = 0.99,  respectively; while, if 

va2 = 0.99, the theoretical plot of the ab-
sorption coefficient a2 is as shown in Fig-
ure 6 (see page 106), with the porosity of 
the outer layer set  as l1 = 0.5 cm, l1 = 1.5 cm, 
l1 = 2.5 cm, l1 = 3.5 cm, and l1 = 4.5 cm,  
respectively.

Here:
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according to the low-frequency sound ab-
sorption performance, and  the design pa-
rameters of the outer material are modi-
fied simultaneously. Finally we can make  
a double layered absorption structure that 
has a sufficiently satisfying sound absorp-
tion level in a cared frequency range.

n	 Conclusion
By using the theory of C. Zwikker and 
C. W. Kosten for sound propagation 
through porous flexible media and the 
sound transmission boundary conditions 
between the first and second layer, a 
model for calculating the absorption co-
efficients of double layered nonwovens 
has been presented in this paper. Com-
pared with the theoretical generalisation 
of the Zwikker and Kosten model pre-
sented by Shoshani, this model is more 
general and can be used to calculate the 

absorption coefficients of  double layered 
nonwovens composed of two different 
nonwoven materials  and provide  theo-
retical support for product design. The 
simulations prove the correctness of the 
model obtained in this paper, showing 
that the properties of the outer material 
have a greater impact on the absorption 
coefficient at higher frequencies, where-
as the absorption coefficient at low and 
medium frequencies is determined by the 
properties of the inner and outer materi-
als together. It should be noted that only 
a double layered nonwoven sound ab-
sorption structure has been investigated 
in this paper; a general model for cal-
culating the absorption coefficients of a 
multi-layer nonwoven structure remains  
a challenging subject for future research.
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