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ABSTRACT: The relationships between the material
parameters, i.e., the fiber fineness, porosity, areal density,
layering sequence, and airflow resistivity with the normal-
incidence sound absorption coefficient of nonwoven com-
posites consisting of three layers have been studied. The
monofiber or multifiber needle-punched nonwovens
included poly(lactic acid) (PLA), polypropylene (PP), glass
fiber, and hemp fibers. Air flow resistivity was statistically
modeled and was found to increase with decreasing fiber
size and nonwoven porosity. The former models devel-
oped for glass fiber mats in the literature were found to be
inconsistent with the air flow resistance of the nonwovens
reported below. The effects of the layering sequence on
air flow resistivity and sound absorption were obtained. It

was found that when the layer including reinforcement
fibers, i.e., hemp or glass fiber, faced the air flow/sound
source, the air flow resistance and the absorption coeffi-
cient were higher than the case when the layer including
reinforcement fibers was farthest from the air flow/sound
source. The difference was more pronounced if there was
a greater difference between the resistivity values of the
constituent layers of the nonwoven composite. Sound
absorption coefficient was statistically modeled in terms of
air flow resistivity and frequency. VC 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 121: 3056–3069, 2011
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INTRODUCTION

Noise, once ignored as an irritating but harmless
nuisance,1 is now considered to be a major public
health concern. Noise has countless negative effects,
which include hearing loss, hypertension, cardiac
disease, ulcers, colitis, headache, nausea, dizziness,
insomnia, annoyance, fear, and stress.2 Noise can
also decrease performance in various working envi-
ronments.1 To give an example, the unwanted sound
present in the passenger cabin of a vehicle dimin-
ishes speech intelligibility, exhausts the driver, and
affects safety negatively.3

There are three major methods to reduce
unwanted noise: modify noise- and vibration-emit-
ting sources, use barriers to prevent sound propaga-
tion, and dissipate sound energy with the use of
sound absorption materials.4 Sound absorbers are
porous materials where the sound is attenuated

in tortuous channels of pores present in the
material.5 Absorbers are classified in three groups:
cellular materials (e.g., foams), granular materials
(e.g., woodchip panels), and fibrous materials.6

Nonwoven fabrics, classified as fibrous sound
absorbers, have important potential in noise reduc-
tion applications. Nonwovens offer advantages over
foams as they can be recycled and their manufac-
turing methods may have less environmental
impact than conventional polyurethane sound
absorbers.7 Nonwovens can also absorb more sound
over a wider range of frequencies compared with
foams.8

Sound absorption is mostly due to acoustic energy
dissipation resulting from the viscosity and heat
conductivity of medium in the porous material. Air
flow resistivity, porosity, and tortuosity have been
cited as the main factors that affect sound absorption
by several researchers.9,10

Air flow resistivity is among the most impor-
tant parameters influencing the sound absorption
performance of porous absorbers.9,10 Delany and
Bazley11 used air flow resistivity as the main mate-
rial variable to model sound absorption. Besides
acoustical performance,6 air flow resistivity is of
prime importance in terms of the fibrous structure’s
filtration,12 barrier,13 and comfort properties.14
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According to ASTM C522-03 Standard Test
Method for Airflow Resistance of Acoustical Materi-
als,15 the flow resistance, R, has units of mks acous-
tic ohm (Pa s m�3). It is obtained when the pressure
drop across a specimen is divided by the volume ve-
locity of airflow through the specimen. Specific flow
resistance, r, with the unit of mks rayls (Pa s m�1),
is obtained when the flow resistance of a specimen
is multiplied by its area. It is equivalent to the pres-
sure difference across the specimen divided by the
linear velocity of flow measured outside the speci-
men. Flow resistivity, r0, in mks rayl/m (Pa s m�2),
of a homogeneous material, is obtained when its
specific flow resistance is divided by its thickness.
The flow resistance, R, the specific flow resistance, r,
and the flow resistivity, r0, of porous materials can
be given by the following equations:

R ¼ p

u
(1)

r ¼ p � S
u

(2)

r0 ¼
p � S
l � u (3)

where R is the flow resistance, r is the specific flow
resistance, r0 is the flow resistivity, p is the pressure
drop across the sample in Pa, S is the area in m2, l is
the thickness in m of the porous material, and u is
the volumetric velocity of the fluid in m3/s. Despite
the fact that all these terms are valid only for steady
flow, and not for oscillatory flow as in the case for
sound waves,9 they have been adopted by the major-
ity of researchers for the sake of simplicity.

For homogeneous materials, the specific flow re-
sistance is linearly related to the material thickness.
Thus, the flow resistivity, which is specific flow re-
sistance divided by the thickness, is a characteristic
of the material, independent of thickness.16

Air flow resistivity is closely related to the density
of a nonwoven web. Flow resistivity increases with
increasing density. Ballagh17 developed the follow-
ing formula for woolen nonwovens:

r0 ¼ kq1:61w (4)

where r0 is the flow resistivity in mks rayl/m (Pa s
m�2), qw is the density of web in kg m�3, and k has
the value of 16 with the unit of Pa s m2.83 kg�1.61.

The flow resistivity is reported to be proportional
to the reciprocal of the square of the pore size of the
material when the microstructure is considered.
Thus, in fibrous materials, decreasing the fiber diam-
eter increases the flow resistivity.18 However, the
fiber type affects the relationship between the fiber
size and the flow resistivity.8 Porosity, tortuosity,19

mean pore size, pore size distribution,12 fiber orien-
tation,20 and fabric surface characteristics21 influence
flow resistivity in addition to the fabric density and
fiber diameter
Until now, glass fiber mats have been the focus of

research and modeling efforts on sound absorption
characteristics and air flow resistivity6 among fibrous
absorbers. Nonwoven fabrics may be a viable alterna-
tive to glass fiber mats with their lower specific den-
sities, their ability to be recycled, and their flexibility in
material selection, which allows the use of natural
fibers and engineered biodegradable polymer fibers.
In this study, air flow resistivity and sound

absorption of three-layered nonwoven composites
consisting of single and multiple types of fibers
were reported. These nonwoven composites
included conventional fibers such as polypropylene
(PP) fibers and glass fibers, and engineered biode-
gradable polymer fibers such as poly(lactic acid)
(PLA) fibers and natural fibers such as hemp fibers.
The effects of fiber size, porosity, and sequencing of
the constituent layers on air flow resistivity and
sound absorption were investigated.

EXPERIMENTAL

Materials

Four different fiber types were used in nonwoven
production, and scanning electron microscopy (SEM)
images of them are shown in Figure 1. The types
and the functions of the selected fibers are given in
Table I, and their properties are given in Table II.
PLA fibers were donated by Fiber Innovation Tech-
nology (Johnson City, TN). Cardable glass fiber was
donated by AGY Holding Corp (Aiken, SC), and PP
fibers were donated by the Nonwovens Cooperative
Research Center (Raleigh, NC). Hemp used in this
research was obtained from Stemergy (ON, Canada).
Hemp was field retted and processed through Bio-
FibeRefineryTM technology of Stemergy. Hemp was
selected as the natural fiber in this research because
it is a strong, stiff biodegradable fiber type based on
renewable resources, which has characteristics com-
parable with flax fibers but less studied. Under nor-
mal conditions, hemp has 6–12% moisture ratio,
310–750 MPa tensile strength, and 30–70 GPa tensile
modulus.22–25

Sample preparation

Nonwoven fabric production involved three steps:
fiber opening, web formation, and web bonding. The
fibers, which were supplied in dense press-packed
bales, were opened in a Truetzschler Opener. All
fiber webs were produced in single-fiber web form
except for one sample set, which included 33% glass
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fiber and 66% PP as shown in Table III. Blending for
this sample was carried out by loading the fibers of
the two different types into the Truetzschler Opener.

An air laying method was used for the web form-
ing step. In this method, fibers that were fed into an
air stream were transferred to a perforated drum or

Figure 1 SEM images of fibers (a) hemp, (b) glass fiber, (c) PLA, and (d) PP at 30.0 kV. The magnification of hemp fiber
(�200) is different from the other fibers (�150).

TABLE I
Types and Functions of Selected Fibers

Fiber
group Function

Layer
code Fiber type Reason for selection

I Provides mechanical reinforcement
to the nonwoven composite

R1 Hemp Biodegradable; replaces glass fiber in
conventional automotive nonwoven
composites

R3 Glass fiber Commonly used in automotive nonwoven
composites

II Carrier in nonwovens; provides
moldability and processability

C1 PLA Biodegradable; to replace PP in conventional
automotive nonwoven composites

C2 PP Commonly used in automotive nonwoven
composites; recyclable

I þ II Mixture of the mechanical reinforcement
and carrier groups from conventional fibers

M2 Glass fiber/
PP (33/67)

Defining the effect of blending before web
bonding
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moving belt where the fiber web was formed.
Truetzschler Tuft Feeder Scanfeed was used for air
laying with a target basis weight of 330 gsm (grams
per square meter). The webs formed are listed in
Table III. After air laying, webs were preneedled
using a NSC Asselin Preneedler.

The formed webs had little strength and had to be
bonded by some means. Needle-punching was used
for web bonding. Before needle-punching, three
layers of webs from either the same or different
fibers were stacked as given in Table IV. Even
though single fiber type nonwoven fabric samples
from all four fibers were planned to be studied; only
samples of 100% PLA and 100% PP were success-
fully fabricated. Attempts at producing 100% hemp
and 100% glass fiber nonwovens failed because lack
of cohesion among fibers. Figure 2 gives a general
production flow chart, in which A, B, and C are
given in Table IV. In the stacks of web layers, carrier
fibers were used at a higher percentage compared
with reinforcement fibers to provide moldability for
the resulting fabric.

In needle-punching, the perforation of the webs
by specially designed needles caused fiber entangle-
ment. Three-layered webs were needled on a NSC
Asselin needle-punch loom set at a 100 cm/min
speed, 100-cm width, with needles on both sides,
228 strokes/cm, 175 punches/cm2 penetration den-
sity, and 3 mm penetration depth. Groz-Beckert
15 � 17 � 40 � 3 needles were used. A target of
1000 gsm (g m�2) basis mass was set. Compositions
of nonwoven fabrics produced using needle punch-
ing are given in Table IV.

Characterization

Fibers were characterized based on fiber diameter.
Fabrics were characterized in terms of mass per unit
area, thickness, porosity, and air flow resistivity.
Samples were subjected to conditioning at 20�C and
65% relative humidity for at least 24 h before
characterization.

Fiber linear density

Average diameters of all fibers were determined
using ASTM D 1577-07 Standard Test Methods for
Linear Density of Textile Fibers.26 Average linear
densities of the fibers were obtained by fiber dia-
meter measurements on SEM images. A Hitachi
S-3200N scanning electron microscope at the Ana-
lytical Instrumentation Facility of North Carolina
State University was used. A 4Pi EDS/Digital
Imaging system was used to acquire SEM digital
images and line scans. At least 30 specimens of
hemp fibers and 10 specimens of man-made fibers
were measured.

Fabric mass per unit area

Mass per unit area values of fabric samples were
measured in accordance with ASTM D 3776-07
Standard Test Method for Mass Per Unit Area
(Weight) of Fabric.27 Five samples with a minimum
diameter of 8.89 cm (3.5 in.) were cut randomly and
weighed in grams using a Mettler Toledo Precision
Weighing (AG 245) balance. When the basis weight
results obtained were thought to be inconsistent
with sound absorption results, the sound absorption
specimens were weighed. Sound absorption speci-
mens, which were circular with a diameter of 29
mm, had smaller dimensions than required by the
standard ASTM D 3776-07.

TABLE II
Fiber Parameters

Fiber Structure Length (cm) Void ratio (%)

Fiber radius
(10�6 m)

Fiber
density

(10�3 kg m�3)

Apparent
fiber density
(10�3 kg m�3)Mean r

PLA Hollow 6.4 18 30.9 3.1 1.24 1.02
PP Solid 5.1 N.A. 31.7 1.3 0.91 0.91
Glass fibera Solid 5.1 N.A. 9.00 0.74 2.50 2.50
Glass fiberb Solid 5.1 N.A. 10.9 0.82 2.50 2.50
Hemp Multifibrillar 5.1 N.A. 42 38 1.45 1.45

a Glass fiber in layered PP/glass fiber/PP blend.
b Glass fiber in intimate polypropylene-glass fiber blend.

TABLE III
Fiber Webs Produced by Truetzschler Tuft Feeder

Scanfeed

Web
numbers

Layer
codes

Fiber composition
of webs

Blend
ratios (%)

1 R1 Hemp 100
2 C1 PLA 100
3 C2 PP 100
4 R3 Glass fiber 100
5 M2 Glass fiber/PP 33/67
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Thickness

At least five thickness measurements were taken
from each sample using an AMES thickness gauge
with pressure level 4.14 kPa according to ASTM D
5729-97 Standard Test Method for Thickness of Non-
woven Fabrics.28

Porosity

Porosity values of five specimens of all nonwoven
samples were calculated according to ASTM C 830-
00 Standard Test Methods for Apparent Porosity,
Liquid Absorption, Apparent Specific Gravity, and
Bulk Density of Refractory Shapes by Vacuum Pres-
sure29 using eq. (5):

h ¼ 1� qw
qf

(5)

where h is porosity, qw is the density of the fabric,
and qf is the density of the fiber.

Airflow resistivity

Air flow resistivity of nonwoven webs was deter-
mined according to ASTM D 737-04 Standard Test
Method for Air Permeability of Textile Fabrics.30 The
Frazier air permeability tester (Frazier Precision
Instrument Company Inc.) was used to test five
specimens of each sample. The Frazier Differential
Pressure Air Permeability Instrument gave the rate
of flow of air in cubic feet per square foot of sample
area per minute, the Frazier Number, at a differen-
tial pressure of 0.5 in. of water.31 These units have
been converted to air flow resistivity, r0, in Pa s m�2

as shown in eq. (3), where l is the thickness of the
fabric in meters (equation derived from Frazier27

and ASTM D 737-0430):

ro ¼
0:5� 249

Frazier Number� 0:00508� l
(6)

Sound absorption coefficient

The impedance tube method was used to determine
the normal-incidence sound absorption coefficient
(NAC). A minimum of three specimens of each
sample were tested according to ASTM E 1050-07
Standard Test Method for Impedance and Absorp-
tion of Acoustical Materials Using a Tube, Two
Microphones and a Digital Frequency Analysis Sys-
tem.32 A Bruel & Kjaer PulseTM acoustic material

Figure 2 General production flow chart.

TABLE IV
Layering of Fiber Webs before Needle-Punching

Web number Web code Layer codes Layer 1 (A) Layer 2 (B) Layer 3 (C)

1 HLL R1/C1/C1 Hemp PLA PLA
2 LHL C1/R1/C1 PLA Hemp PLA
3 LLH C1/C1/R1 PLA PLA Hemp
4 LLL C1/C1/C1 PLA PLA PLA
5 HPP R1/C2/C2 Hemp PP PP
6 PHP C2/R1/C2 PP Hemp PP
7 PPH C2/C2/R1 PP PP Hemp
8 PPP C2/C2/C2 PP PP PP
9 GPP R3/C2/C2 Glass fiber PP PP
10 PGP C2/R3/C2 PP Glass fiber PP
11 PPG C2/C2/R3 PP PP Glass fiber
12 PGI M2/M2/M2 Glass fiber/PP Glass fiber/PP Glass fiber/PP
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testing system, which included a type 4206 two-
microphone impedance tube, shown in Figure 3, a
PulseTM Type 3560 multichannel portable data acqui-
sition unit, and Pulse TM type 7758 software, were
used at Carcoustics Tech Center. A 29-mm-diameter
tube was used, and the frequency range analyzed
was 500–6400 Hz.

A schematic diagram of the acoustical material
testing system is given in Figure 4. The impedance
tube was composed of a hollow cylinder, a sound
source at one end, and a test sample holder at the
other. At two locations along the wall of the tube,
microphone ports were mounted. The working prin-
ciple for sound absorption testing is as follows:
Broadband plane sound waves are formed in the
tube with the help of a sound source. A stationary
wave pattern is generated in the tube. This station-
ary wave pattern is composed of the incident sound
and the reflected sound. The incident and the
reflected/not absorbed components of the wave
pattern are analyzed with simultaneous pressure
measurements at two locations in the tube. A digital
frequency analysis system determines the NAC as a
function of sound frequency. NAC is measured
according to eq. (7):

an ¼ 1� jZj2; (7)

where an is NAC, and Z is the reflection coefficient.4

RESULTS AND DISCUSSION

As described in the Introduction section, porosity, h,
has a major effect on acoustical properties. It appears
as a direct coefficient in fundamental wave equa-
tions, with only connected pores are taken into con-
sideration for predicting air flow resistivity.9

Effect of porosity on airflow resistivity:
Analysis on monofiber nonwovens

PPP fabric had a significantly higher basis weight
and lower porosity than LLL fabrics as shown in
Table V. The mean air flow resistivity of PPP fabric
was about 30% higher than the LLL fabric as well.
A number of empirical models in the literature

have been used to describe the effect of material
parameters on air flow resistivity. These include
models for glass fiber mats by Bies and Hansen,34

glass fiber mats with different fiber orientations by
Sullivan (in Mechel20), for polyester mats by Garai
and Pompoli,35 as reported in Cox and D’Antonio,8

and for wool mats by Ballagh.17 All of the models,
except for those of Ballagh17 and Garai and Pom-
poli,35 gave values significantly lower than those
measured in this study, as seen in Table VI. The rea-
son for this may be that the structures studied by
Garai and Pompoli35 and by Ballagh17 were similar
to the ones studied here. Ballagh17 and Garai and
Pompoli35 also attributed the lack of agreement
between their models and those of the other authors
as being due to the difference in the fiber radii
between glass fibers and the other types of fibers
studied.
Garai and Pompoli’s35 and Ballagh’s17 models

were corrected with the ratio of the density of the
fiber of the model to the density of each fiber in
this research to obtain the real porosity as given in
Table VI. Ballagh’s model gave the closest values to
the mean measured air flow resistivity. In both

Figure 4 Schematic diagram of acoustical material testing system (adapted from ASTM E 1050-0832 and Bruel & Kjaer33).

Figure 3 Bruel & Kjaer two-microphone impedance tube
type 4206.33
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Garai and Pompoli’s35 and Ballagh’s17 models, only
the density of the fabric and the diameter of the
fiber were included. Because Ballagh17 only used
one type of fiber in his research, the density of the
fabrics gave enough information to determine the
porosity. However, as there are two different fibers
with different densities in the current analysis, the
massivity variable, which is the ratio of fabric den-
sity to fiber density, or porosity subtracted from
unity, has been used instead of just the density of
fabrics. The PLA fibers used in this research had a
hollow structure. However, the voids in PLA were
assumed to be unconnected pores and not included
in porosity. Thus, PLA fibers were assumed to act
like solid fibers in terms of air resistivity. The fiber
density for PLA fibers had to be corrected for their
void fraction. This was accomplished by multiply-
ing the fiber density by (1.00–0.18), as the void
fraction of the PLA fibers is 0.18.

As there was only approximately 3% difference
between the radii of PLA and PP fibers, the fiber
radii are assumed to be the same, and the fiber ra-
dius was not included in the model as a variable at
this point. The air flow resistance was fit according
to eq. (8).

r0 ¼ Aþ B
q1:6w

q1:6f

(8)

where r0 is air flow resistivity in mks rayl/m, qw is
the density of web, and qf is the density of the fiber
in kg m�3. In the generated statistical model shown
in eq. (8), A ¼ 16,400 mks rayl/m and B ¼ 367,000
mks rayl/m. The model had a coefficient of determi-
nation (R2) value of 0.46. The reason for the low R2

value might be the high variation in the samples
and the low number of data points. The fitting of

TABLE V
Air Flow Resistivity and Structure Parameter Information of Single-Fiber Type Webs

Fabric

Basis weight
(kg m�2) Thickness (mm) Porosity 1 � qw/qf

Air flow resistivity
(103 Pa s/m2)

Mean r Mean r Mean r Mean r

LLL 1.13 0.12 12.22 0.24 0.91 0.01 23.4 1.4
PPP 1.37 0.07 12.45 0.33 0.88 0.01 30.0 3.2

LLL, PLA/PLA/PLA; PPP, PP/PP/PP.

TABLE VI
Air Flow Resistivity Values of PLA and PP Fabrics: Actual Average and Semi-Empirical Model Predictions

Air flow resistivity
(Pa s m�2)

Model ExplanationLLL PPP

23,410 30,000 N/A Average measured value

2,580 4,410 r0 ¼ 27:3 1� hð Þ1:53 l=4a2
� �

Glass fiber (Bies and Hansen34)

2,200 3,840 r0 ¼ 3:94l 1� hð Þ1:413 1þ 27 1� hð Þ3
h in o

=a2h Glass fibers parallel to flow, single fiber radii
(Sullivan, as reported in Mechel20)

5,930 10,500 r0 ¼ 6:8l 1�hð Þ1:296
a2h3

Glass fibers perpendicular to flow, single fiber radii,
20 � a � 30 lm (Sullivan, as reported in
Mechel20)

2,310 4,330 r0 ¼ 4l
a2

0:55 1�hð Þ4=3
h þ

ffiffi
2

p
1�hð Þ2
h3

h i
Glass fibers, random fiber orientation, single fiber
radii (Sullivan, as reported in Mechel20)

1,570 2,570 r0 ¼ 3:2l 1� hð Þ1:42=a2 Glass fibers, random fiber distribution, random
fiber radius distribution (Sullivan, as reported in
Mechel20)

1,430 2,490 r0 ¼ 4:4l 1� hð Þ1:59=a2 Mineral fiber, random fiber distribution, random
fiber radius distribution, (Sullivan, as reported in
Mechel20)

8,240 12,120 r0 ¼ 28:3q1:404W = 4 � 1012a2
� �

Polyester fibers (Garai and Pompoli35)

15,300 22,500 r0 ¼ 28:3 qW
qPET
qf

� �1:404
= 4 � 1012a2
� �

Corrected by the ratio of polyester fiber density to
the density of fiber of interest (modified Garai
and Pompoli35 equation)

18,170 26,600 r0 ¼ 490q1:61W =106a Wool fibers (Ballagh17)

15,620 39,230 r0 ¼ 490 qW � qwool

�
qf

� �1:61
" #

=106a Corrected by the ratio of wool fiber density to the
density of fiber of interest (modified Ballagh17

equation)
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the model versus the actual values is shown in
Figure 5. However, it should be noted that the effect
of porosity was confounded with the effect of fiber
type and fiber length. Because no mention to the
effect of fiber length on the air flow resistance has
been found in the literature, the 25% length differ-
ence between PLA and PP fibers were ignored. Non-
wovens of same fabric type with different porosities
should be investigated in terms of air flow resistivity
to obtain a more accurate model.

Effect of fiber fineness: Analysis on mono- and
multifiber nonwovens

Three-layered single fiber polypropylene (PPP) and
PLA (LLL) fabrics were compared with three-layered
PP-glass fiber (66/33), intimate blend (PGI), and
three-layered PP/glass fiber/PP fabrics (PGP) to
detect the effect of fiber size on air flow resistivity.
The air flow resistivity information of PGP and PGI
composites are given in Table VII. As seen from
Tables II and VIII, glass fiber had a smaller fiber ra-
dius than the PLA and PP fibers. To obtain the effec-
tive fiber size of the multifiber fabrics, a weighted
average of fiber radius was calculated based on the
percentage of the number of each type of fiber. The

percentages of number of the fibers were found
using eq. (9):

Ni

NT
¼

mi=mT

qi�a2
i

mi=mT

qi�a2
i

þ mj=mT

qj�a2
j

(9)

where Ni/NT is the ratio of the number of the fiber
of interest to the total number of fibers, qi is the den-
sity, and mi/mT is the ratio of the mass of the fiber
of interest in the web to the total fiber mass. The
subscript ‘‘j’’ stands for the other fiber. The effective
fiber radii of fabrics were calculated as follows:

~a2 ¼ Ni

NT
a2i þ

Nj

NT
a2j ; (10)

where ~a is the weighted root mean square fiber diam-
eter of the fabric. Among the various ways of averag-
ing fiber diameter considered, eq. (10) has been found
to be the optimum in terms of accuracy and practical-
ity. The weighted average fiber density, q̂, of the mul-
tifiber materials was calculated based on the volume
fraction each fiber occupies to the total polymer mate-
rial volume, as shown in eq. (11). Unlike PGI, PGP
had layers of different materials. Nevertheless, both
are treated as homogeneous material with the use of
weighted average fiber diameter and density.

q̂ ¼
mTqiqj

qimj þ qjmi
(11)

where q̂ is the weighted average fiber density of the
multifiber nonwoven fabric. Equation (8) was modi-
fied to account for the weighted fiber radii, which
resulted in eq. (12). For eq. (12), A ¼ 12,400 mks
raly/m and B ¼ 5.23 � 10�4 mks rayl/m. The coeffi-
cient of determination, R2 was 0.90. Figure 6 shows
the air resistivity data along with the fit to eq. (12).
No prominent difference is observed between the
trends of the single fiber and multifiber fabrics at this
point. However, it should be noted that the effects of
fiber diameter and porosity are confounded with dif-
ferent fiber types and composite layouts. Thus, a
fixed polymer system with different porosities and

Figure 5 Comparison of statistical model estimates ver-
sus actual values for air flow resistivity values of single-
fiber nonwoven fabrics as determined from eq. (8). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE VII
Air Flow Resistivity and Structure Parameter Information of Multifiber Type Webs

Fabric

Basis weight (kg m�2) Thickness (mm)
Porosity

(1 � qw/qf)
Air flow resistivity

(103 Pa s/m2)

Mean r Mean r Mean r Mean r

PGP 1.44 0.13 12.4 0.17 0.90 0.01 47.8 4.2
PGI 1.49 0.14 13.1 0.64 0.91 0.01 46.3 3.93

PGP, PP/glass fiber/PP; PGI, PP-glass fiber intimate blend fabrics.
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fiber diameters should be studied for further
research.

r0 ¼ Aþ B
q1:6w

q1:6f � ~a2
(12)

Effect of porosity on NAC (monofiber analysis)

In the frequency range 500–6300 Hz, PPP fabrics had
generally higher NAC values than LLL as seen in
Figure 7. Interestingly, PPP had higher variability
for frequencies lower than 2.5 kHz and lower vari-
ability in frequency range above that level compared
with LLL as shown in Table IX. Fibrous porous
materials tend to have lower variability in region
where minimum or maximum absorption takes
place. As seen from Table IX, the increase and
decrease in the coefficient of variation of PPP
absorption was followed by those of LLL. The differ-
ence between the variability of the two fabrics
implies that the absorption curve of PPP fabric was
shifted to the left, i.e., lower frequency, compared
with LLL. As seen from Table VI, PPP had higher
air flow resistivity compared with LLL. These find-
ings agree with those reported by Bies and Han-
sen,16 who reported that greater air flow resistivity
led to lower frequency sound absorption.

To investigate the effect of material parameters on
NAC, air flow resistivity, and thickness, which have

been accepted as the most important factors on
NAC by many researchers, have been selected for
statistical modeling along with frequency. The
model below has been generated for the analysis of
PPP and LLL fabrics.

an ¼ sin �2:61� 10�1 þ 2:37� 10�4f þ 8:27� 10�6r0
� �

;

(13)

where an is the NAC, f is frequency in Hz, and r0 is
air flow resistivity in mks rayl/m. A high coefficient
of determination, 0.97, was obtained partly due to
the overwhelming effect of frequency. The thickness
parameter was not found to be important in the
model, possibly because of the narrow range of the
thicknesses: � 12–13 mm. The model estimates are
compared with our measured data in Figure 8.

Effect of hemp fiber on airflow resistivity

PHP and LHL fabrics, which contained hemp fibers,
were added to the model eq. (12) are shown in
Figure 9. The fiber weighted root-mean-square diam-
eter and weighted average of fiber density for LHL
and PHP are given in Table X.
The inclusion of hemp-containing nonwoven fab-

rics decreased the coefficient of determination de-
spite the increase in population size. Fabrics contain-
ing hemp fiber showed a different trend than the

TABLE VIII
Weighted Average Fiber Diameters and Fiber Densities of PP/Glass Fiber/PP Layered and PP-Glass Fiber Intimate

Blend Fabrics

Fabric

Weight (%)

Number
fraction of
fibers (%)

Volume
fraction of
fibers (%)

Fiber radius
(10�6 m)

Weighted
average
density

(10�3 kg m�3)

Weighted
average fiber

radius (10�6 m)PP Glass PP Glass PP Glass PP Glass

PGP 66 34 32 68 85 15 31.5 9.00 1.15 16.3
PGI 66 34 32 68 85 15 31.5 10.9 1.15 17.6

Figure 6 The air flow resistivity is plotted against eq.
(12) for single-fiber nonwoven fabrics and multifiber PP/
glass fiber/PP layered and PP-glass fiber intimated blend
fabrics. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 7 Comparison of averages of NAC values of LLL
and PPP. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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others as seen in Figure 9. However, as the variation
was high and nonuniform, and the sample size was
small, no interpretations should be made at the
moment. The curve in hemp containing fabrics may
be due to the high variation in measured fabric
parameters. The other reason may be the irregular

shape of hemp fibers as shown in Figure 10. The
high irregularity of hemp fibers’ cross-sections might
have led to an increase in the surface area and tortu-
osity, which, in turn, increased the air flow resistiv-
ity. The moisture content present in the hydrophilic
hemp fiber was not expected to have an effect
because humidity is significant only for large distan-
ces.9 This area needs more investigation with a
greater sample size.

Effect of layering on air flow
resistivity

The effect of layer sequencing on air flow resistivity
was measured with three different placements of the
reinforcement fiber layer, i.e., hemp or glass fiber
layer, in the composite ‘‘sandwich’’ structure. These
three different positions of the reinforcement layer
were front side (closest to the air flow source), back
side (furthest away from it), or in the middle, as
shown in Table IV. The fabrics where the reinforce-
ment was nearest to (front side) or farthest away
(back side) from the air flow source in fact were the
same fabrics, just flipped to the other side for air
flow permeability and NAC testing. The material

TABLE IX
NAC Information of Three-Layered LLL (PLA) and PPP

(PP) Fabrics

Frequency

Normal-incidence sound absorption coefficient

Mean (l)
Standard

deviation (r)

Coefficient
of variation

(%)

PLA PP PLA PP PLA PP

500 0.08 0.09 0.004 0.007 5.52 8.53
630 0.10 0.11 0.005 0.010 5.22 8.52
800 0.13 0.15 0.006 0.012 5.00 8.24
1000 0.17 0.20 0.009 0.018 5.28 8.72
1250 0.22 0.27 0.013 0.024 6.18 8.89
1600 0.29 0.37 0.019 0.031 6.61 8.45
2000 0.37 0.47 0.033 0.043 8.92 9.09
2500 0.49 0.63 0.041 0.031 8.21 4.99
3150 0.63 0.78 0.048 0.029 7.57 3.68
4000 0.77 0.90 0.052 0.021 6.68 2.34
5000 0.88 0.98 0.047 0.008 5.30 0.81
6300 0.96 0.99 0.033 0.004 3.45 0.40

Figure 8 Comparison of statistical model estimates ver-
sus actual values for NAC values of PLA and PP fabrics.
X-axis is a function of frequency and air flow resistivity.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 9 Comparison of statistical model estimates ver-
sus actual values for air flow resistivity values of single-
fiber, and multifiber PP/glass fiber/PP layered, PP-glass
fiber intimated blend, PLA/hemp/PLA and PP/hemp/
PP fabrics. Fabrics that contain hemp and those do not
are shown separately. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]

TABLE X
Weighted Average Fiber Diameters and Fiber Densities of PLA/Hemp/PLA and PP/Hemp/PP Layered Fabrics

Fabric

Weight (%)

Number
fraction of fibers

(%)

Volume
fraction of fibers

(%)
Fiber radius
(10�6 m)

Weighted
average
density

(10�3 kg m�3)

Weighted
average fiber

radius (10�6 m)Carriera Hemp Carrier Hemp Carrier Hemp Carrier Hemp

LHL 66 34 85 15 25 75 30.9 42. 1.13 32.8
PHP 66 34 84 16 23 77 31.5 42. 1.04 33.3

aCarrier web refers to PLA for LHL fabrics, and PP for PHP fabrics.
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parameters of the fabrics with different layer
sequencing are given in Table XI.
No significant effects of layer sequencing were

found with random readings from the fabrics with
three different sequencings. This could be due to
high variation of the fabrics. A paired t-test was
run to look for a possible effect of layer sequence
for the samples where the reinforcement fiber
layer is either in the front or in the back side
(GPP versus PPG, HLL versus LLH, and HPP ver-
sus PPH. The first letter stands for the layer that
faces the air flow and the last letter for the layer
at the back side). For all the measurements, when
the layer of reinforcement fibers was in the front
side (GPP, HLL, and HPP) the fabrics gave higher
air flow resistivity than when it was on the back
side as shown in Figure 11(a–c), respectively. This
might be due to the higher reflectivity at the air-
nonwoven boundary in the case of higher resistiv-
ity of the reinforcement layer compared with
carrier layers, i.e., PLA and PP. The difference was
more pronounced for GPP and PPG as presented
in Table XII. This might be because the diameters
of the glass fibers were less than one third of PP
fibers’ diameters; thus, the glass fiber mat should
have had a higher resistivity. This means the aver-
age air flow in the glass fiber layer was slower
than it was in the PP layer, which was already
slower than the flow in unconstrained air. There-
fore, the difference between the air flow resistivity
values in the glass fiber layer and free air was
greater than it was between the PP layer and free
air. This leads to the fact that the interface
between free air and the glass fiber layer produced
more reflectivity than the interface between free
air and the PP layer.
Although HPP and HLL had statistically higher

air flow resistivity values than those of PPH and
LLH respectively, the difference was small. This
suggests that the hemp layer had slightly higher
resistivity than both PP and PLA layers. Although
the average diameter of hemp was slightly higher
than those of PLA and PP, the high variation in fiber
diameter and the irregular shape of hemp fibers
might have led to higher tortuous path to air flow
through the fabric layer. This is in accordance with
Figure 10.

Effect of layer sequencing on NAC

Similar to the modeling of single-fiber webs, only
air flow resistivity and frequency were found to
be significant factors that affect NAC. The narrow
range of thickness, which was approximately 11–
13 mm, was thought to prevent the thickness
variable to be included into the model. The statis-
tical model shown in eq. (14) was generated with

Figure 10 SEM images of hemp fiber cross-sections em-
bedded in epoxy (5.0 kV; magnification, �350).

3066 YILMAZ ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



an R2 value of 0.93. Layer sequencing and surface
effects were not included in the model as quanti-
tative variables. This might be the reason for the
coefficient of determination to be lower than that
of eq. (13).

TABLE XI
Air Flow Resistivity and Structure Parameter Information of Webs with Different Sequencing

Fabric

Basis weight
(kg m�2)

Thickness
(mm)

Porosity
(1 � qw/qf)

Massivity
(qw/qf)

Air flow resistivity
(103 Pa s/m2)

Mean r Mean r Mean r Mean r Mean r

PGP 1.57 0.13 12.43 0.27 0.90 0.008 0.10 0.008 47.8 4.2
GPP 1.46 0.11 12.09 1.04 0.91 0.012 0.09 0.012 49.3 10.1
PPG 1.46 0.11 12.09 1.04 0.91 0.012 0.09 0.012 42.8 8.1
PHP 1.35 0.11 12.53 0.66 0.89 0.01 0.11 0.01 37.3 2.60
HPP 1.26 0.07 11.45 0.27 0.92 0.005 0.08 0.005 40.5 9.3
PPH 1.26 0.07 11.45 0.27 0.92 0.005 0.08 0.005 38.3 8.3
LHL 1.32 0.08 12.70 0.29 0.91 0.007 0.09 0.007 25.0 3.7
HLL 1.28 0.07 12.68 0.78 0.91 0.008 0.09 0.008 34.6 11.9
LLH 1.28 0.07 12.68 0.78 0.91 0.008 0.09 0.008 32.8 10.4

Figure 11 Effect of layer sequencing on air flow resistiv-
ity. Comparison of air flow resistivity values of (a) GPP
and PPG nonwoven fabrics; (b) HLL and LLH nonwoven
fabrics; and (c) HPP and PPH nonwoven fabrics. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE XII
Difference in Air Flow Resistivity Due to Changing

Direction of the Fabric

Fabric Sequencing

Difference in
air flow
resistivity
between

sequencing
(103 Pa s/m2)

Difference
ratio in
air flow
resistivity
between

sequencing
[(r0f�r0b)/r0f]

a

Mean r Mean r

GPP GPP PPG 6560 2390 0.13 0.03
HPP HPP PPH 2130 2250 0.05 0.03
HLL HLL LLH 1825 1730 0.05 0.05

aDifference ratio in air flow resistivity between sequenc-
ing [(r0f�r0b)/r0f] is the ratio of the difference between the
air flow resistivity value of the fabrics when the reinforce-
ment layer is in the front (r0f) and when it is at the back
(r0b) to the value when the reinforcement layer is in the
front (r0f).

Figure 12 Comparison of statistical model estimates ver-
sus actual values for NAC values of different sequenced
layered fabrics. X-axis is a function of frequency and air
flow resistivity. (A) Reinforcement fiber layer faces the
sound source; (B) reinforcement fiber layer is in the mid-
dle; and (C), reinforcement fiber layer is at the back.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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an ¼ sin �5:30� 10�2 þ 2:47� 10�4 f þ 1:60� 10�6r0
� �

(14)

The comparison of the model estimates with ex-
perimental results for all fabrics with different layer
sequencing is plotted in Figure 12. From the plot, it
is seen that the fabrics that had their reinforcement
layer at the back (c), tended to have lower NAC
values.

In Figure 13(a–c), the sequencing of each of the
three fabrics, PGP, PGI, and LHL, can be observed,
respectively. In the fabric group PGP, GPP (A) had
distinctively higher NAC values than PGP (B) and
PPG (C). The difference was still prominent in the
fabric group LHL. HLL (A) had higher NAC values
than LHL (B), and LLH (C), but not as much as

observed in the fabric group PGP. There was very
little difference in PHP, HPP, or PPH group, if
any. This situation is in agreement with the analysis
of the effect of layering sequence on air flow
resistance.

CONCLUSIONS

The effects of fiber fineness, porosity, and layer
sequencing on air flow resistivity and NAC of sin-
gle-fiber and multifiber type three-layered nonwo-
ven composites made from PLA, PP, glass fiber, and
hemp have been investigated. Air flow resistivity
was statistically modeled in terms of porosity and
fiber diameter. Results indicate that air flow resistiv-
ity increased with decreasing fiber diameter and po-
rosity. An inconsistency was found between the
models in the literature that have been developed
for glass fiber mats and those that work for the non-
wovens studied. A strong relationship between the
layering sequence and air flow resistivity was
obtained. It was found that when the layer includ-
ing reinforcement fibers, i.e., hemp or glass fiber,
faced the air flow source, the air flow resistance was
higher than the case when the layer including rein-
forcement fibers was farthest away from the air
flow source. The difference was more pronounced
when there was a higher difference between the re-
sistivity values of the constituent layers of the non-
woven composites. NAC was modeled in terms of
air flow resistivity and frequency. Similar to air flow
resistivity, NAC was found to be higher when the
layer including reinforcement fibers was placed clos-
est to sound source. This finding was more pro-
nounced when there was a higher difference
between the resistivity values of the layers.
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