102

Xinjin Liul,
Jianli Liul;2,
Xuzhong Sul

1)Key Laboratory of Eco-Textiles,
Ministry Education,

Jiangnan University,

Wuxi 214122, P. R. China

E-mail: liuxinjin2006@163.com

2)Engineering Research
Center of Technical Textiles,
Ministry of Education,
Donghua University,
Shanghai 201620, P. R. China

Simulation Model for the Absorption
Coefficients of Double Layered Nonwovens

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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B 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 [l - 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-

Iytical 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
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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(wt—kx) J(ot+kx)

pi(x,0)=p,e , . (x,1)=p,e

Where p;(x,t) and p,(x.f) are the incident
and reflected sound pressure, respec-
Py

P
tion coefficient of sound pressure, and

is the reflec-

tively. Then ‘rp‘ =

2
r,o= "’p‘ is the reflection coefficient of

sound intensity.

Then, based on the Energy Conservation
Law, the absorption coefficient is given
as follows:
2
a=1-rn :1—‘rp‘

If we denote the nonwoven impedance at
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the front face (x = 0) as

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

4A4AW,
o = 2 2
(A4+wW,) +B

Where p; = pi(0,1) + p,(0.,f) is the total
sound pressure and u; is the total veloc-
ity of the particle at the front face (x = 0).
A = z1(R) and B = z;(I) denote the real
and imaginary parts of zj, respectively,
Wy = poco the characteristic impedance
of free air, py, ¢y denote the density of
free air and the sound speed therein, re-
spectively.

(M

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 p,(x,1), pfx.f) and total
particle velocity u,(x,f), ufx,?) in the air
and fibre are solved respectively, and the
sound impedance at the front face (x = 0)
is obtained as follows:

L=P 2.(0,0)+ p,(0,7) o

w v, 0,0)+vu(0,1)

Where subscripts a and f'refer to the air
and fibre phases, respectively, and v, and
vr=1- v, 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

1 ‘
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Figure 1. Absorption model of single lay-
ered absorption materials.
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Figure 2. Absorption model of double lay-
ered nonwoven materials.

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

Let p, and prbe the densities of air and
fibre per unit volume of the nonwoven
sound absorption material, and p, the
density of the polymeric material. Then,
Pas = VasPo and pg = Vo, 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.

4 .
Pas (x9 t) = Z CjSPai‘,}el(wt_k,‘jX)
=1
4 Lo
Pu(60)=2 C, Py o)
(3)
, ki i(ot—k;x)
J —K X
u, () =3 CU, e
=
, ki i(ot—kx)
i i(ot—k;x
u/&(x’t):ZCjSUf; et
=1
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Where u is the velocity, p the pressure,
Cjs the undetermined coefficient for j =
1,2, 3,4 and o = 2xf'is the angular fre-
quency. Further relations are presented in
the set Equations 3°.

2
ky =k = o bL + bl_\ = G Pas
2 4 ) vaKa
ky =~k = o bi* bL’C P
2 4 V(I\K{U

b, (Hv f;—Jrv ]719 (I+E +X,)

as
s

. 3)
Gy =V, ;ﬁ(lfie\(HR\))
K, -P,
Rs :&’Evzﬁ!){:: ( )
Ps K/.s Vas Kf\
0 = ¢, _isthedimensionless coupling
s
Py @
. . 2
coefficient, @, =iwp, (m,—1)+v 6

the coupling parameter representing the
drag between the fibre and air phases,
my the structure constant, d the resist-
ance constant of air, Kz the fibre bulk
modulus, K, the air bulk modulus,
and Py = 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.

D, P4(0,1) + P 0,1)
22 =—= = (4)
U, Vi, (0,6)+v,u,(0,0)

In the following, we solve the sound im-
pedance zj. 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

Vflpal(oat) = alpfl(o’t) (5

Boundary condition 2: On the interface
(x = [1), when the acoustic propagates
from the first layered nonwoven to the
second, the following boundary condi-
tions satisfy

Vo P (1) =V P o (1,0
un () =up,(l,1)

pm(ll:t)"‘p/'](lpt): (6)
= paz(lpt)"'pfz(llst)

Vo (st) = upy (1) =
= v, (.0~ u, (1,,0)
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Boundary condition 3: At the back re-
flecting face (x = /1+1,), the velocities of
both phases vanish

Uy (b +1,,0) = 0,y (4 +1,0) =0 (7)

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

4
ZCZZUAN 'k,z(l\Hz) :0
a
J=l !
4 k., ik, (+h)
ik

2.GuU e =0
Jj=1
- k

jl(vulpflfl _Vflljulﬂ):o
Jj=1
4 i
ZC v, P el
=

C,IV,,2P ne”Mih = ®)

4
> C (P + P+
i

ik
—C (Pl PipYe ™ =0
4 k ik .\, I/

-

ZCjIU/’Ile " Csz’zz i

J
=
4

Z jl al(U |-

J=1

=0

,1 )e_ik/lll +

IZVaZ(Uaé _U ) ~h :0

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

k 2
Vo 17%2 i) —iRO,
Uk/\ (O]
Oy =—-= -
Uy (v —i0,)R,
Pk/\
B =—t-=
P/:\- i 2
(1-i6,) [l —c,’ (7/) ] —iRO,
(0]
k” N
v, (1=i0 (1+R)) =i v, c .’
(]
o ©)
Z s :ﬁ = ,
g k,
v (1=0,(1+ R))— iesvmc,f(ij
[0] (0]
=Pg y
k]A Vi —i0,
K,
L
ajs kjy fis
’ U/fv/ s ' k 2
(1—ies)[1 —c,f[-—"] ]—iRYGV
o) (]
= PusVes T
ks 2 ks ’ .
l—c, | == | |-iR0,
(0]

2 K £
Here, ¢~ = —= is the square of the fi-
Ps
bre wave velocity.

Note that k3; = -ky, k41 = -k, k3p = -k1o
and k4o = -kyp, and we know that

35 = Qls, P3s = Pis Za3s =
Zf3s = “Zfls, Q4s = A2y, Bas =
Zads T “Za2s> ZfAs T “Zf2s

“Zals»

Pas, (10)

fors=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
4z, (R)W,

(2 (R)+ W) +(z,(D)’

(12)

, =

B Model simulation and analysis

In this section, we report on various
properties of the absorption coefficient
o 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
o 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: pyp = 1.293 kg/m3,
c0=340.29m/s, Pp=1.47Psi~ 101325 Pa,
K, = 1.01 x 105, Knq = 1.1 x 1010,
Kp =4.7167 x 1010, p,; = 1380 kg/m3,
Pp2=1140kg/m3, 6=4168.6,m =my=1.

If vg1 = 095, vpp = 099, and 1 =
2.5 cm, the theoretical plot of the ab-
sorption coefficient @, is as shown in
Figure 3 (see page 106), with the thick-
ness of the inner layer set as /, = 0.5 cm,
L=15cm,l,=2.5cm,l,=3.5cm, and
I, = 4.5 cm, respectively; while if we set
I, = 2.5 cm, the theoretical plot of
the absorption coefficient o, is as
shown in Figure 4 (see page 106),
with the thickness of the outer lay-
er set as /; = 0.5 cm, /; = 1.5 cm,
[}=25cm,/;=3.5cm,and [} =4.5 cm,
respectively. If we take [} = 4.5 cm,
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.- (B, + 1)z, (det(D)) — det(Dy)) + (B,, +1)z 1, (det(D, ) — det(D)) (11)
(v, +oy,v,)(det(D)) +det(Dy)) + (v, +a,, v, )(det(D,) +det(D))
Here:
a, a, a; b ay aj @ boay, ay ap b
D=lay a, ay| Di=|b an ay| D,=la, b, ay| Dy=|a, a, b,
ay,  ay, ay by ay ay ay by a, ay  azp b

o o

2~

v v ikl 4k ; k
all — 2 12 a2 Bll _ (1_ a2 ] B]] +1 Blz Z/ll(e i(kyyly+kyply ) _e’(kzzlz AHII))
(Bzz - BIZ)ZfZZ Va Va

+l 1_h+ha —o (e’f(kllll*kzzlz)+e"(kzz/2*k1|1|))
11 12
2

Vaz a2

o, —Oo A% A% . .
a, = 22 2 | a2 le _ [1 _ a2 ] BZ] +1 Blz Z/21 (e"(’fzwlw"kzzlz) 761(’\12’:”‘21’0)
2(B,, - ﬁIZ)Z/'ZZ Vai Vai

2 v

2 Va2

o o

a3

1 Vg ooV ; .
2 a al _ —i (ko +hnly) i (kaply—ky )
+=| -+, —a,, [(e7 +é ")

_ 22~ %y va_ZB” _ [l_va_zjﬁll +1|B, Z/“(ei(kzzlz#mll) — gt kah)y
2B, - BIZ)ZfZZ Vai Vai

+l l_h_'. Vai o —0o (e'(k2212+kllll) + ei(kull’kzz/:))
11 12
2

Va2 a2

a a

2

v v -
bl — 3 12 a2 B21 _ (1_ a2 j le +1 Blz Z”l(ex(l«zm knb) _el(/ﬁ22/2+knl1))
(Bzz _ﬁlz)z/’zz Va Va

2

Voo Va2

a,, —o

1 Vg ooV i ikl —
— | = Zel 4 d o, — 0y, (e’(k?212+k2l[1) +e’(k2\[1 kxlz’)

v v ik .
ay, = 5 22 12 a2 Bll _ (1 Vo ]ﬁn 1 Bzz Z/“(e ithulrthaly) _ ikl k,,11>)
B - BIZ)Z/IZ Vai Vai

2 v,

a2 a2

1 v v, ik il
pofi=tay Ya g g (et pithishih)

o, —a v v —i(k, 2l ol
a, = . 2 "% a2 B, - [1 a2 jBZI +1B, z”](e itkaltholy) _ githdykah))
(B, _Blz)z/‘lz Va Vai

2

v

a2 v

a2

a.. =

2

a2 a2

+l (1 _Ya + Var oy —0y, ] (e’f(/f2|1| +hiof) e‘("lﬂf":l’l))

23 T Gn — %o - Bn _[[1_ o } Bll +1J B22 Z/’Il(eilkn[#kull) _e“kH[‘?kum)
2(Bzz - Blz)zﬂz Vai Var

1 Vv, oV .
al al i(kyoly ) i(kyly=kyply )
+— 1_7+7a11_a22 (e 12 i)y ot nhi=fh )

b = Oy — Oy Va2 B, —||1- Vaa By +1{ B,y |2,y (1) — pithatirhat)y
2 2 21 21 22 121
(Bzz - Blz)zﬁz Va Vai

2

Voo Va2

ay =(v, _v/'IBII)Z/IH

Ay =—(v, — vle]])Zfll
Equation 11.

/1 =2.5cm, and v} = 0.99, the theoretical
plot of the absorption coefficient a; is as
shown in Figure 5 (see page 106), with the
porosity of the inner layer set as v, = 0.8,
v = 085, vyp = 0.9, v, = 0.95, and
vgr = 0.99, respectively; while, if
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1 v v ; ;
N I al _ ikl ki) i (koth =kioh)
-t Lo, —a,, [(™ +e )

a,=(v, _V/1B21)Z/‘21

by =(v, _VfIBZI)Z/ZI

v = 0.99, the theoretical plot of the ab-
sorption coefficient o is as shown in Fig-
ure 6 (see page 106), with the porosity of
theouterlayerset as/;=0.5cm,/;=1.5cm,
[{=25cm,/; =3.5cm,and /; =4.5 cm,
respectively.

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 /5, the absorption coefficient o,
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 /;, the change in « is similar
to that in the case of /; (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 vy, the absorption coefficient
oy changes little, especially at a higher
frequency (see Figure 5). However, with
an increase in the porosity of the outer
materials v,;, the frequency that causes
the maximum absorption coefficient to
increase and the change in v, 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=2
C

(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
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Figure 3. Theoretical plot: absorption coefficient o is a function
of the frequency [ for different web thicknesses of the inner materi-

als - nylon fibre web.
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Figure 4. Theoretical plot: absorption coefficient o, is a function
of the frequency f for different web thicknesses of the outer materi-

als - polyester fibre web.
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Frequency, kHz

Figure 5. Theoretical plot: absorption coefficient o, is a function
of the frequency f for different web porosities of the inner materi-

als - nylon fibre web.

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.

B 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
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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.

3 3.5 4 4.5 5

Frequency, kHz

Figure 6. Theoretical plot: absorption coefficient a; is a function
of the frequency f for different web porosities of the outer materials
- polyester fibre web.
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Dear Ladies and Gentlemen,

On behalf of the Organizing Committee, we are pleased to
invite you to participate in ‘5th International Technical Textiles
Congress’ which will be held from 7-9 November 2012 in Izmir,
Turkey.

5th International Technical Textiles Congress intends to be a
global forum for researchers and engineers to present and discuss
recent innovations and new techniques in Technical Textiles. It
will be a great chance for new contacts, scientific discussions and
exchange of experiences.

Congress Topics:
Functional Fibres
Nano Technical Textiles
Medical Textiles
Protective Clothes
Military Textiles
Filtration Textiles
Composite Materials
Smart and Interactive Textiles
Packaging Textiles
Automotive Textiles
Sportive Textiles
Agricultural Textiles
Civil Engineering and Constructive Textiles,
Geotextiles
Technical Designs

Deadlines:
Abstract submission: March 1, 2012
Acceptance announcement: May 15, 2012
Full paper submission: August 1, 2012

For further information please visit http://web.deu.edu.tr/ttk2012

Prof. Dr. Merih SARIISIK & Prof. Dr. Ender BULGUN

Dokuz Eylul University
Faculty of Engineering
Department of Textile Engineering
Tinaztepe Campus Buca 35160 IZMIR / TURKIYE
Tel : (+90 232) 3017731 - 3017709 Fax: (+90 232) 3017750
e-mail: ttk2012@deu.edu.tr
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