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Abstract: This study was conducted to improve the sound absorption dips in nonwoven
fabric sheets with a back air space. Considering the particle velocity distribution in the back
air space, another nonwoven sheet was added to divide the air space into layers. The sound
absorption coefficient of the sound-absorbing structure was theoretically derived using
the transfer matrix method. The nonwoven sheet model with the Rayleigh model and the
air space behind the nonwoven sheet were mathematically represented using the transfer
matrix. The transfer function method was employed to combine the transfer matrices to
obtain the sound absorption coefficient. A two-microphone acoustic impedance tube was
used to measure the sound absorption coefficient, and the theoretical and experimental
values were compared. The sound absorption dip of the first order was improved by placing
a nonwoven sheet at a position half the thickness of the back air space. It was theoretically
predicted that placing the nonwoven sheet at 1/4 of the back air space thickness from the
rigid wall would improve the first- and second-order sound absorption dips. By selecting
the conditions, a similar trend was observed during the experiments. The study shows
that the higher the ventilation resistance of the added nonwoven fabric sheet, the more
improved the sound absorption dip.

Keywords: sound absorption dip; nonwoven fabric sheet; transfer matrix; back airspace

1. Introduction

The acoustic properties of nonwoven fabric sheets are dependent on the fiber type,
lamination method, surface density, and ventilation resistance [1-3]. Even with thin non-
woven fabric sheets, sound absorption curves can be obtained according to the thickness
of the air space by adding an air space behind it. However, porous sheets with a back air
space present the disadvantage of sound absorption peaks appearing periodically, resulting
in dips in the sound absorption curve [4,5]. This phenomenon is caused by the formation
of standing waves due to reflections from a rigid wall. In general, the sound pressure
reaches its maximum and the particle velocity is minimized near the rigid wall, while
the sound pressure is minimized and the particle velocity is maximized at a distance of
one-quarter wavelength from the wall. The attenuation of sound waves caused by the
ventilation resistance of nonwoven fabrics is effectively achieved by reducing the particle
velocity through minute frictional forces arising from boundary layer viscosity near the
fibers. In other words, due to this viscous frictional resistance, little or no attenuation occurs
when nonwoven fabrics are placed at locations of maximum sound pressure. Therefore,
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the optimal sound absorption effect is achieved by positioning porous materials at the
quarter-wavelength location, where the particle velocity is at its maximum [6].

Studies, such as those by Rayleigh [7] and Miki [8], have attempted to predict the sound
absorption coefficient of porous materials. Delany and Bazley [1] obtained the characteristic
impedance and propagation constant by ventilation resistance. Miki [8] and Komatsu [9]
subsequently improved it, and the propagation constant and characteristic impedance of
porous materials are currently obtained via empirical equations based on experiments in the
Miki and Komatsu models. However, the Rayleigh model approximates the porous material
as a set of cylindrical tubes with a small cross-sectional area; it has long been known as
Rayleigh’s capillary model. The characteristic impedance and propagation constant can be
obtained by assuming the porosity and tortuosity to be 1 [10]. When the Rayleigh model
is applied to a nonwoven sheet, only the flow resistance of the nonwoven sheet requires
consideration, and the sound absorption coefficient can be easily predicted [11,12].

Thus, this study was conducted to improve the sound absorption dips in nonwoven
fabric sheets with a back air space. Considering the particle velocity distribution in the
back air space, another nonwoven sheet was added to divide the air space into layers.

Here, the sound absorption coefficient of the sound-absorbing structure was theo-
retically derived using the transfer matrix method. The nonwoven sheet model with the
aforementioned Rayleigh model [7] and the air space behind the nonwoven sheet were
mathematically represented using the transfer matrix. The transfer function method was
employed to combine the transfer matrices to obtain the sound absorption coefficient.

The sound absorption performance of nonwoven sheets with a backing air gap is
notably influenced by sheet vibrations induced by incident sound waves [4]. To mitigate
this effect, measurements were conducted with the nonwoven sheet affixed to a honeycomb-
shaped support frame, which served to restrain its vibrations during testing. The sound
absorption coefficient was determined using a two-microphone acoustic impedance tube,
and the results were compared with theoretical predictions. The study shows that the
higher the ventilation resistance of the added nonwoven fabric sheet, the more improved
the sound absorption dip.

2. Materials and Methods
2.1. Measurement Setup

The sound absorption coefficient was measured using a Briiel & Kjeer, Narum, Den-
mark Type 4206 two-microphone impedance tube. The test sample was mounted onto
the impedance tube, and a sinusoidal signal generated by the signal generator within the
Fast Fourier Transform (FFT) analyzer was used to drive a loudspeaker, which introduced
sound waves into the tube. The FFT analyzer then measured the transfer function between
the sound pressure signals captured by two microphones positioned along the tube. This
transfer function was subsequently used to compute the normal-incidence sound absorp-
tion coefficient in accordance with ISO 10534-2 [13]. The critical frequency for plane wave
propagation is determined by the tube’s inner diameter. For the sample holder employed
in this study, with an inner diameter of 29 mm, the upper frequency limit for accurate
measurements was 6400 Hz. The input voltage supplied to the loudspeaker was set at 0.2 V.

The ventilation resistance of the nonwoven fabric sheet was measured using a Kato
Tech Co., Ltd., Kyoto, Japan KES-F8-AP1 air permeability tester. Air was passed through
the sample at a constant volume velocity, with airflow alternately discharged and drawn in
both directions. The ventilation resistance, R, was determined based on the pressure drop
measured during this process.
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2.2. Samples Used in the Experiments

Figure la,b shows an image and a schematic diagram of the sample holder, respectively.
The sample holder is made of an aluminum alloy, with dimensions of 29 and 49 mm (inner
and outer diameters, respectively). As shown in Figure 1b, the back air space formed by
the upper nonwoven sheet is divided by another nonwoven sheet, considering the particle
velocity distribution.

. [ :‘ Framed non woven fabric
7
7
27

(@) (b)

Figure 1. Sample tube: (a) image; (b) dimensions (80 mm, e.g., 40 and 40 mm airspace).

Table 1 lists the specifications of the nonwoven fabric sheets used (3A51AD, 3701B,
and 3A01A from Toyobo Co. Ltd., Osaka, Japan and RW2250 and RW2100 from Idemitsu
Kosan Co. Ltd., Tokyo, Japan). Here, the five nonwoven fabric sheets used differ in terms of
ventilation resistance, thickness, flow resistivity, and area density. The ventilation resistance
R; is the actual value measured using an air permeability tester. The flow resistivity oy
is the value obtained by dividing the ventilation resistance R,, by the thickness ¢, of the
nonwoven sheet.

Table 1. Specifications of nonwoven fabric sheet.

Ventilation Resistance Thickness Area Densit Flow Resistivi
Code Product Code R, [kPa-s/m] t, [mm] pa [g/m?] Y On [kPa-s/mzi[y
a RW2100 0.214 0.58 100 369
b 3A01A 0.336 0.4 103 840
C 3701B 0.440 0.24 70 1833
d 3A51AD 0.555 0.45 152 1233
e RW2250 1.255 0.82 250 1530

Figure 2a—e present micrographs of the nonwoven fabrics, while Figure 2f shows an
image of a sample with a nonwoven fabric sheet (3A01A) mounted on a honeycomb-shaped
support frame to suppress vibrations. Nonwoven fabric sheets with small surface densities
tend to vibrate because of incident sound waves. This is known to reduce the sound
absorption coefficient [4]. Thus, the nonwoven fabric sheet was attached to a stainless steel
support frame. The outer diameter of the sample was 39.9 mm; however, the part used
for the measurement was 29 mm in diameter. The support frame consists of a 1 mm thick
perforated plate with hexagonal holes arranged to achieve an aperture ratio of 0.756. Its
sole function is to suppress vibrations of the nonwoven fabric, and, acoustically, it can be
considered negligible—similar to a wire mesh with the same aperture ratio.
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Figure 2. Micrographs of nonwoven fabric sheet and photograph: (a) RW2100; (b) 3A01A; (c) 3701B;
(d) 3A51AD; (e) RW2250; (f) test sample of nonwoven fabric sheet (3A01A) with support frame.

When sound waves are incident on a nonwoven fabric sheet with a back air space,
standing waves are generated. It is generally known that the sound absorption coefficient
is maximum at the frequency where the particle velocity distribution is maximum at the
incident surface. Thus, the positions where the particle velocity is maximum are A /4, 31 /4,
5A/4,... from the rigid wall, if the wavelength at a certain frequency is A. Therefore, if
a nonwoven fabric sheet is placed in a position that satisfies these conditions, a sound-
absorbing peak will be observed at the desired frequency. However, it is also known that a
sound absorption dip appears at frequencies that least satisfy these conditions [4,5]. The
relationship between the first-order sound absorption peak frequency fp,c.x and wavelength,
and between the first-order sound absorption dip frequency f 4;, and wavelength are shown
in Equations (1) and (2), respectively.

fpeak = % @
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1 Nonwoven fabric

faip = & @

where c is the speed of sound.

Figure 3a shows the particle velocity distribution at the first-order sound absorption
peak frequency fpeak- The first-order sound absorption peak was obtained by placing
the nonwoven fabric sheet at position A/4, corresponding to the feax. The first-order
sound absorption dip frequency f4;, became 2f ek, and Figure 3b shows the particle
velocity distribution at 2f ek [Hz]. It is estimated that adding a nonwoven fabric sheet at
exactly half the back air space thickness (i.e., the position of the maximum particle velocity
distribution) would eliminate the first-order sound absorption dip. Thus, a sample such as
that shown in Figure 3b was produced. Figure 3c,d show the particle velocity distribution
at a secondary sound absorption dip frequency of 4f,cax. It is estimated that primary and
secondary sound absorption dips can be improved by adding a nonwoven fabric sheet so
that the back air space thickness is divided into 1:3 or 3:1 at a 4f peak [Hz]. Thus, the samples
shown in Figure 3c,d were produced.
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Figure 3. Schematic of measured sample and particle velocity distribution: (a) particle velocities at
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3. Theoretical Analysis

3.1. Analytical Models Corresponding to the Proposed Sound Absorption Structure

Here, the sound absorption coefficient was derived via a theoretical analysis using the
transfer matrix method for sound pressure and volume velocity for the samples presented
in Section 2.

Figure 4a,b shows the equivalent circuits represented by electrical four-terminal net-
works corresponding to the samples shown in Figure 3a—d. The equivalent circuit shown
in Figure 4a corresponds to a sound-absorbing structure comprising a single nonwoven
fabric sheet and a back airspace. The equivalent circuit shown in Figure 4b corresponds
to a sound-absorbing structure comprising two nonwoven fabric sheets and two back air
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spaces. Thus, two transfer matrices for the nonwoven fabric sheets and two for the back air
spaces are used.

Sound source side
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Figure 4. Equivalent circuits corresponding to test samples: (a) single; (b) double layer.

Each four-terminal network is cascaded from the sound wave incident surface. The
transfer matrices of the nonwoven fabric sheets are T,; and T,», and those of the back
airspaces are Tp; and Tgp.

3.2. Transfer Matrix Based on One-Dimensional Wave Equation

For plane wave propagation in the current samples, the transfer matrix is described by
the one-dimensional wave equation. Let p; and #; denote the sound pressure and particle
velocity at the incident surface of the sound wave, respectively. At the end face of the
sample holder, which acts as a rigid wall, the corresponding sound pressure and particle
velocity are represented by p, and u;, respectively. The cross-sectional area of the sample
holder is denoted by S. The transfer matrix T for the sound pressure and volume velocity
between the incident and end faces is as follows [14].

B iAE

where the four-terminal constants A, B, C, and D in the transfer matrix T are expressed by

A B

ar [Pﬂ G)

Suz

the one-dimensional wave equation as follows:

A B

T =
Cc D

(4)

| cosh(vl)  Zsinh(y])
B Z%sinh(’yl) cosh(~1)

where 7 is the propagation constant, Z. is the characteristic impedance, and / is the length
of the acoustic element.
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3.3. Transfer Matrices for Nonwoven Fabric Sheets

The nonwoven fabric sheet is treated as a porous material and represented by a transfer
matrix. The propagation constants 7,1 and 7y and characteristic impedances Z,; and Z,»
of each nonwoven sheet are expressed using the Rayleigh model [7] as follows:

_Jjw n1
Tnl = c 1+ ](UP (5)
_Jjw Tn2.
T2 = c 1+ ]CUP (6)
anzpc,/l—i—% 7)
Zw = pc, |1+ % (8)

where j is the imaginary unit, and 0y1 and oy, are the flow resistivities of each nonwo-
ven sheet.

The transfer matrices Ty; and Ty for each nonwoven sheet were obtained by substi-
tuting Equations (5)—(8) into Equation (4) as follows.

L= COSh(')/nl fn1 ) % Sinh(')’nl fn1 ) Anl Bnl (9)
! % sinh (’)’nl fn1 ) COSh(')’nl fn1 ) Cnl Dnl

2 = . =
" %Ié sinh (’Ynz tn2 ) cosh (’YnZ th ) Cn2 D n2

where S,,1 and S, are the areas of each nonwoven sheet, and t,1 and f,,, are the thicknesses
of each nonwoven sheet.

3.4. Transfer Matrices for Back Airspace

The transfer matrices Tp; and Tp; for each back airspace can be expressed by neglect-
ing attenuation in the transfer matrices based on the one-dimensional wave equation in
Equation (4) as follows.

_ COos kL1 j%sin kLl ABl BBl
Tpr=|.s . = (11)
]pTSln kLl cos kL1 CBl DBl
coskLy,  jfsinkL, Ag; B
Too = | .o I3 _ |4B1 Bl (12)
Jpesin kL, coskL; Cg1 Dpp

where k is the wave number, p is the density of air, ¢ is the speed of sound in air, and L; and
L, are the lengths of each air space.

3.5. Entire Transfer Matrix and Sound Absorption Coefficient

The overall transfer matrix of the acoustic system was obtained by sequentially mul-
tiplying the transfer matrices of individual components, starting from the sound wave
incident side. For instance, as illustrated in Figure 4a, when Ty; and T are connected in
series from the incident side, the transfer matrix T; representing the entire acoustic system
is determined by:

Anl Bnl
Cnl D nl

Ap1  Bpi
Cg1 Dpg

A1 By

T, =
! C, Dy

(13)
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When Tp1, Tg1, Trnp, and Tgp are connected in order from the sound wave incident side
(Figure 4b), the transfer matrix T, of the entire acoustic system is as follows.

Anl Bnl
Cnhl Dy

Ap1  Bpi
Cg1 Dgi

An2 Br12
Cn2 DnZ

Apy  Bm
Cg2 Dgp

Ay B

T:
2 C, D,

(14)

The sound absorption coefficient for transfer matrices T1 and T, were calculated. The
four terminal constants of T7 and T, corresponded to the four terminal constants A, B, C,
and D of the transfer matrix T in Equation (3). Owing to the condition of the terminal rigid
wall, up =0, and Equation (3) is expressed as

) = e @

The specific acoustic impedance Z of the acoustic system, as viewed from the plane of
incidence, is determined by

_p
z=" (16)

where p = p1, and Sy1 = Su. The specific acoustic impedance Z is expressed as

_P_rg_png 4
Z_u_SuS_Suls CS 17

Here, the relationship between Z and the reflectance R is as follows:

R= Z=FC (18)
Z + pc
The sound absorption coefficient « is expressed using R as follows:
a=1—|R]? (19)

4. Comparison of Experimental and Theoretical Values

4.1. Sensitivity Analysis of Sound Absorption Coefficient with Additional Nonwoven Fabric Sheet
Position and Ventilation Resistance

Figure 5a-d, Figure 6a—d, and Figure 7a—d show the sensitivity analysis results on
the position of the additional nonwoven fabric sheet and ventilation resistance. As shown
in Figures 5-7, the position at which the nonwoven fabric sheet is added was varied.
Figures 5-7 show the theoretical values corresponding to Figures 3b, 3c and 3d, respectively.
For Figures 5-7, the ventilation resistances and thicknesses corresponding to RW2100,
3A01A, 3701B, and 3A51AD, respectively, were used for the nonwoven fabric sheets on the
incident surfaces.

The sound absorption coefficient curves in Figure 5 show that the first-order sound
absorption dip can be effectively eliminated for the four types of upper-layer nonwoven
fabric sheets. Figure 5 also shows almost no decrease in the sound absorption coefficient
of the first-order sound absorption peak. Thus, the additional nonwoven sheet prevented
deterioration in the sound absorption characteristics. In addition, under the conditions
shown in Figure 5, it is estimated that the second-order sound absorption dip frequency
remained since the nonwoven sheet was added at the position where the particle veloc-
ity at the first-order sound absorption dip frequency was at its maximum, as shown in
Figure 3b. The second-order sound absorption dip remained in the theoretical values
shown in Figure 5. An increase in ventilation resistance improves the first-order sound
absorption dip. However, when the ventilation resistance exceeds a certain threshold, the
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sound absorption curve converges with that of a 40 mm back air layer with only a single
nonwoven fabric sheet, as the additional nonwoven fabric sheet effectively functions as a

rigid wall.
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Figure 5. Sensitivity analysis by ventilation resistance (VR) of lower nonwoven fabric sheet
(Lq = airspace, 40 mm; L, = back airspace, 40 mm): (a) RW2100; (b) 3A01A; (c) 3701B; (d) 3A51AD on
the upper layer.
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Figure 6. Sensitivity analysis by ventilation resistance (VR) of lower nonwoven fabric sheet
(L1 = airspace, 20 mm; L, = back airspace, 60 mm): (a) RW2100; (b) 3A01A; (c) 3701B; (d) 3A51AD on
the upper layer. VR (Ventilation Resistance).
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Figure 7. Sensitivity analysis by ventilation resistance (VR) of lower nonwoven fabric sheet
(L = airspace, 60 mm; L, = back airspace, 20 mm): (a) RW2100; (b) 3A01A; (c) 3701B; (d) 3A51AD on
the upper layer. VR (Ventilation Resistance).

The sound absorption coefficient curves shown in Figure 6 show that adding a non-
woven sheet at 3/4 wavelength of the second-order sound absorption dip frequency from
the rigid wall improved the first- and second-order sound absorption dips, although to
obtain a sufficient improvement effect, the ventilation resistance of the nonwoven sheet to
be added should be increased to an extent. However, with an increase in the ventilation
resistance of the added nonwoven sheet, the sound absorption coefficient of the first-order
sound absorption peak, which is the sound absorption effect of the nonwoven sheet on the
sound wave incident side, decreased.
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Figure 7 show that adding a nonwoven sheet at a 1/4 wavelength of the second-order
sound absorption dip frequency from the rigid wall (where the particle velocity is at its
maximum) improved the first- and second-order sound absorption coefficient dip and
maintained the sound absorption performance achieved when only the nonwoven fabric
sheet on the incident side was used.

The dip between the first- and second-order sound absorption coefficients improved
when the ventilation resistance was increased to a specific value. However, when the
ventilation resistance exceeded a specific value, the impedance of the added nonwoven
fabric sheet became excessive (closer to a rigid wall). Furthermore, the sound absorption
coefficient approached that of a 60 mm back airspace and only one nonwoven fabric sheet.
Sensitivity analysis in a preliminary study has shown that the ventilation resistance of the
nonwoven fabric sheet was 0.662 kPa-s/m when the first-order sound absorption coefficient
dip was most improved, irrespective of the nonwoven fabric sheet type on the sound wave
incident side.

4.2. Experimental and Theoretical Values Obtained When Nonwoven Fabric Sheets Are Added in
the Arrangement Shown in Figure 3b

Figure 8a—d show the experimental and theoretical values of the sound absorption co-
efficient when a nonwoven fabric sheet is added at 1/4 wavelength of the first-order sound
absorption dip frequency from the rigid wall (i.e., the arrangement shown in Figure 3b.
Figure 8 shows cases where the nonwoven fabric sheets on the sound wave incident surface
are RW2100, 3A01A, 3701B, and 3A51AD, respectively. For each theoretical analysis, the
ventilation resistance and thickness of the nonwoven fabric sheet as shown in Table 1 were
used. In Figure 8, the line color for each ventilation resistance in the sensitivity analysis of
Figure 5 corresponds to the line color for each ventilation resistance of the actual nonwoven
sheet, respectively. In the cases shown in Figure 8, the experimental and theoretical values
were consistent with each other.

Figure 8 shows that the higher the ventilation resistance of the added nonwoven sheet,
the better the improvement in the primary sound absorption dip, regardless of the nonwoven
sheet type on the incident surface. This arrangement, however, did not improve the secondary
sound absorption dip, as observed in the sensitivity analysis shown in Figure 5.

Thus, only the primary sound absorption dip can be sufficiently removed by adding
an appropriate nonwoven fabric sheet in the sample shown in Figure 3b.
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Figure 8. Comparison of experimental and theoretical values (L; = airspace, 40 mm; L, = back
airspace, 40 mm): (a) RW2100; (b) 3A01A; (c) 3701B; (d) 3A51AD on the upper layer.

4.3. Experimental and Theoretical Values Obtained When Nonwoven Fabric Sheets Are Added in
the Arrangement Shown in Figure 3d

Figure 9a—d show the experimental and theoretical values of the sound absorption
coefficient when a nonwoven fabric sheet is added at 1/4 wavelength of the second-
order sound absorption dip frequency from the rigid wall (i.e., the arrangement shown in
Figure 3d). Figure 9 shows cases where the nonwoven fabric sheets on the sound wave
incident surface are RW2100, 3A01A, 3701B, and 3A51AD, respectively. In Figure 9, the line
color for each ventilation resistance in the sensitivity analysis of Figure 7 corresponds to
the line color for each ventilation resistance of the actual nonwoven sheet, respectively.

Figure 9a—d show that the higher the ventilation resistance of the added nonwoven
sheet, the more improved the sound absorption dip, regardless of the nonwoven sheet
type on the incident surface, even in the combination shown in Figure 3d. In addition to
the primary sound absorption dip, the secondary sound absorption dip was observed to
have been eliminated. This is because the nonwoven fabric sheet was added at the position
of the maximum particle velocity at the second-order sound absorption dip frequency.
Furthermore, the position where the nonwoven fabric sheet was added was where the
particle velocity was relatively high at the first-order sound absorption dip frequency.

When RW2250, a nonwoven fabric sheet with relatively high ventilation resistance, was
added, as shown in the sensitivity analysis in the preceding section, the sound absorption
coefficient was close to that of a 60 mm back airspace and only one nonwoven fabric
sheet. This is because the impedance of the added nonwoven fabric sheet was large;
thus, the reflectance increased according to Equation (8). This was thought to reduce the
volume velocity on the surface of the nonwoven fabric sheet. Thus, it was difficult for the
sound-absorbing effect of the added nonwoven fabric sheet to be apparent.

The sensitivity analysis in the preliminary study showed that the ventilation resistance
of the added nonwoven fabric sheet of 0.662 kPa-s/m was the most capable of eliminat-
ing the sound absorption dip. Of the nonwoven fabric sheets used, the experimental
values for 3A51AD, the nonwoven fabric sheet with a ventilation resistance closest to
0.662 kPa-s/m, had the broadest sound absorption coefficient compared with the results
for other nonwoven fabric sheets.
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Figure 9. Comparison of experimental and theoretical values (L; = airspace, 60 mm; L, = back
airspace, 20 mm): (a) RW2100; (b) 3A01A; (c) 3701B; (d) 3A51AD on the upper layer.

5. Conclusions

To improve the sound absorption dip in a nonwoven sheet with a back air space,

another nonwoven sheet was added to divide the air space into layers, considering the

particle velocity distribution in the air space. Comparisons between the theoretical and

experimental values obtained in this case led to the following conclusions.

The sound absorption dip was improved by adding a nonwoven fabric sheet at an

appropriate position, considering the particle velocity distribution.

The sound absorption dip of the first order was improved by placing a nonwoven

sheet at a position half the thickness of the back air space. However, the sound absorption

dip of the second order did not improve theoretically, and such a result was obtained

during the experiment.

It was theoretically predicted that placing the nonwoven sheet at 1/4 of the back air space

thickness from the rigid wall would improve the first- and second-order sound absorption

dips. By selecting the conditions, a similar trend was observed during the experiments.
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The higher the ventilation resistance of the added nonwoven fabric sheet, the more
improved the sound absorption dip. Although above a certain ventilation resistance, the
effect became less pronounced.

Sensitivity analysis can predict to an extent which nonwoven fabric sheets with which
parameters are suitable for improving the sound absorption dip.
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