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Abstract

The airflow resistivity is a key parameter to predict accurately the acoustigaénties of
fibrous mediaThere is a large number of theoretical and empirical models which can be used
to predict theairflow resistivity of this type of grous media. However, there is a lack of
experimental data on the accuracy of these models in the caselteEomponent fibrous
media This paper presents detailed analysis of the accuracy of sevexating modelgo
predict airflow resistivitywhich make use of the bulk density and mean fibre diameter
information Three types of polyest¢PET) materials madesingregular PET, hollow PET
and bicomponent PEWith a range of densities atbhoserfor this studylt is shown that some
existing models lardg under-or overestimat¢he airflow resistivitywhen compagd withthe
measured value#\ novel feature of this work is that it studies the relative performance of
airflow resistivity prediction models that are based on the capillary chdrewy anddrag
force theory. These two groups of models are then compasediepurely empirical mdels.

It is found that the prediction error by some models is unacceptably high>@8¢0%).The
results suggest that there are existing models which can predict the eggletiwity of multi-
component fibrous mediaith 8-10% accuracy.

keywords. Airflow residivity, multi-componentfibre, nonwoven, polyestgeracoustical
properties
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1. Introduction

The airflow resistivity is one of the most critical parameters determiningstiuad
absorption properties of a porous absorliés.a measure of how easily air can enter a porous
absorber and the resistance that airfioeetswithin a structureOnce tle airflow resistivity is
known, a series dheoretical oempirical models can be appliedpedictthe impedance and
absorption coefficient of fiborous med[a]. The values of airflow resistivity varlargely
betweenvarious type of common porous absembmaterialslt therefore gives some sense of
how much sound energy mayter the material pores to st due to viscous and inertia
effects. According to thdirect airflow method detailed in tlstandard ISO 9053991[2], the
airflow resistivity isdetermined by an experiment where a sampégofous material is placed
in a tube, and ateady airflow is passed through the sample. The airflow velagitthe
pressure drop between two sides of the samgieand the thickness of the sampbe are
measured [2]. The airflow resistivity, of the material ishen defined:

Ap
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o= 1)

Polyester fiber materialare innovative products whicire becoming widespreagdound
absorbersThese recyclable and long lasting materaéseplaang traditionalglass wool and
rock woolin many noise control applicatianbraditionally, polyester fiber materials used in
sound absorption applications were manufactured from ramacfibresor singlecomponent
fibrous materials, i.e. materials composed of fibres with identical or similar tiaare shape.
Recently, mulicomponent polyester materials have started to become more pepldang
single component polyester materials. However, there iseli@mount of data on the
acoustial and related neacoustical properties ahulti-component polyester material3).|
Therefore, the major objective of this study is n@asurethe airflow resistivityfor a
representative range of fibrous media ars@ data to understand better the effettfiber
diameter distributioron the accuracy of model predictions.

2. Review of previousworkson airflow resistivity models

There are a large number of theoretical and empirical models to predicfliwe resistivity
for fibrous and granular media. Good reviews of some of these models can be foefisd in
[4-6]. These modelsan be grouped into two main categartegoretical models and empirical
models. In this section, the previous works on airflow resistivity models will twelutedand
wewill reviewmathematical expressions from some existing models for the airflow resistivity
for completenessn section 3 we will use these models to predict the measured flow resistivity
of multi-component polyester fibre.

2.1. Theoretical models

There are two main theories in airflow resistivity theoretical models: capiliarnyne! theory
and drag force theoryhe airflow resistivity models established using capillary channel theory
are based on the works of Hageaiseuille, Kozeny and Carman, where the flow through the
porous material is treated as a conduit flow between parallel cylindrical capilteey ¥,8).
Davies presented a model to fit his own transverse permeability data fidowhehrough
porous fibrous materials having a high fabric porosity (as high as 9.7Yle airflow
resistivity of fiber orientation along the flow direction was in the same forthea&Kozeny
Carman equatiorand the airflow resistivity of fiber orientation perpendicular to the flow



direction wasobtained using the lubrication approximation, assuming that the narrow gaps
between adjacent cylinders dominate the flow resistdr;@1].Pelegriniset al. modified the
KozenyCarmen model to obtain more accurate prediction for the airflow resistivity ofomif
fiber diameter polyester material?]1 Lind-Nordgren andsdranssompresented a scaling law
applied to the airflow resistivity of porous materials having a porosity and toytetsse to 1

[13]. However, it has been argued thiadsemodels based on capillary channel thezag be
unsuitable for high porosity media in whithe porosity is greater than 0.8].[ Airflow
resistivity models based on capillary channel theory are summarizedlienIlab

Tablel
Airflow resistivity models established using dkgry channel theory
Method Airflow resistivity
_ )15 3
Davies CN §] P (Gt [dlz+ 56(1 — €)3]
_ 2
KozenyCarman §] 5 — 180n(1 — )7
d2€3
_ 2
Lind-Nordgren [13] 5= 128n(1 —&)°
d?e ,
Doutreset al. [14] o= 12877(6112— €)
_ 2
Pelegriniset al. [12] 5= 1&%72;28)

Note:n is the airdynamicviscosity,e is the materiaporosity andl is the fiber diameter.

There araalsoa number oirflow resistivity modelsvhich are based on drag force theory
In these modelthe fibers in the porous material ti@tm the walls of the pores in the structure,
are treated as obstacles to a straight flow of the fluidtaacassumed thdhe frame is rigid
and that the fibers cannot be displacées].[The sum of all the ‘drags’ is assumed to be equal
to the total resistance to flow in the porous material. Unlike capillary floaryhdrag force
theory and unit cell models demonstrate the relationship between permeabilig amernal
structural architecture of the porousterial. In drag forcenodels, the fibers are assumed to
be aligned unidirectionally in a periodic pattern such as a square, trinaghkxagonal array.
The airflow resistivity of unidirectional fibrous materials can then be sohed tise Navier-
Stokes equation in the unit cell with appropriate boundary conditions [4]. Oe @fatrliest
equivalent dimensionless permeability for flow parallel to an aftépreswas developed by
Langmuir [16]. Tarnow presented a new way to calculate the airflovstresy of randomly
placed parallel fibers based on Voronoi polygdh4.[In his study, Tarnowdiscussed a two
dimensional model consisting of parallel fibers randomly spdoe flow parallel and
perpendicular to the fibersA. summary othesemodels is given in Table 2.

Table2
Airflow resistivity models established using drag force theory.
Method Airflow resistivity
Langmuir [16] 16n(1 —¢)
o=
) (1—¢)?
d?[-In(1—-¢e)—15+2(1—¢) -]
Hasimoto [18] _ 32n(1—¢)
7T @2 (—In(1 —¢) — 1.476)
Kuwabara [19] _ 32n(1—¢)
°” A —2)?

d’[-In(1—¢&)—15+2(1—¢) — >——]




Happel [2D)]
A. Flow parallel to fibers
_ 72n(1—¢)
S d?[-In(1—-¢e)—-3+4(1—¢)— (1 -¢)?]
B. Flow perpendiculato fibers

g

72n(1—¢)
o=
1—-(1-¢)?
dZ[_ 11’1(1 — 8) — ﬁ]
Tarnow [17] Flow parallel to fibers
A. Square lattice
16n(1 —¢)

~d?[-In(1 —¢&) + 0.5 — 2¢]
B. Random lattice
16n(1 —¢)
7= 42[=1.280In(1 — &) + 0.526 — 2¢]
Flow perpendicular to fibers
C. Square lattice

_ 16n(1 —¢)
o= d?{In[(1 — £)~1/2] — 0.5& — 0.25¢2}
D. Random lattice

16n(1—¢)
~ d?[—0.6401In(1 — ) + 0.263 — €]

2.2. Empirical models

An empirical model of airflow resistivityvas first introduced by Nichols, who suggested
that the flow resistancerh ~ (ph)l+X/d2, where theadjustable paramet& 0.3<x <1. This

parameteralue depends on the distributiontbé fibers in materialZ1]. Based on the work

by Nichols, Bies and Hansen presented a simple model which allows the calculatien of
airflow resistivity offibreglassstarting from the values of its bulk density and fiber diameter
[22]. Garai and Pompoli investigated the airflow resistivity of double fiber ocowm
polyester materials arektended the Bies and Hansen model to predict the flow resistivity of
polyester fibre§23]. Manning and Panneton analyzed the acoustic behavirooiy fiber
materials manufactured by thré#ferent methods: mechanical bonding, thermal bonding, and
resin bonding. They established three simple airflow resistivity modetsl lwas weighiof-
evidence approach 42 A summary of the equations for thesapirical models is given in
Table 3.

Table3
Airflow resistivity modelsestablished using empirical method.
Method Airflow resistivity
-9 ,1.53
Bies & Hansen [2] o= 3.18 x 611(2) p
-8 ,1.404
Garai & Pompoli [23] 5= 2.83 X 10102 p
-8 ,1.485
Mechanically bonded ¢ = %

3.61x1072p1:804
= —dz
1.94x10~8p1:516
= —dz

Manning & Panneton [24]  Resin bonded

Thermally bonded o




3. Materialsand Methods

One polyester nonwoven material prepared by vibrating perpendicular tech{@tdgy
the Technical University of Liberec, Czech Republic, as well as two types oheamially
available polyester nonwoven materials which were separately made by vibrating
perpendicular technology and rotating perpendicular technology were sdtectieid study.
SampleWM was prepared by rotating perpendicular technology; sa3Jlél'l andST T2
were produced by vibrating perpendicular technology [26]. Fi¢p)is photographs which
illustrate the dominant angle of fibre orientatiohsamples WM, ST T1 and ST T2n this
study, he fibre orientation angle was defined as the angle betiveatominantibre axis(see
areas in Fig. 1(a) highlighted green)and thesurfaceof the materiakpecimenThis angle
was dependent on the degree of compressaterial density in the fibrous speciméig. 1
(b) shows scanning electron microscope image of saWipletaken at 200x magnification.
The latter isone of 150 collected SEM images wiiwere used toanalyzefiber diameter
distribution.

Fig. 1. Crosssectional macroscopimages of samples WM, ST T1 and ST (&2andthe scanning
electron microscope (SEM) image of sample {1

In order to produce polyester material samples with different thickneegdedensities, the
heatpressing method was applied. SampMgl, ST T1, andST T2 were compressed under

600 Pa pressure at 130 for 5 min Thickness gauges were applied to measuréhibkness

attained in this proces$he characteristics of the polyester specimens are listed in Table 4.
of the @amplesdn this studyhave the samigber contentThe sheath part dfi-componenfibers



is low-melting polyethylene terephthalate (PEThe polyester materials were made of three
types of polyester fiberd.he resin embedding technology was used to get the-seatisnal
slice of fibers microscope was then applied to get the esasgional microscopic imagésee
in Fig. 2) The content percentage of samples is based on weight. Fabric thicknesses were
measured with an Alambeta device (SENSORA, Liberec, Czech Republic)c lBabal
dersity was determined according to ISO 973989 [27] Sample porosities were
determined according to ASTM C880 [28]. The voids in hollow fibersverenot included in
the analysisbecausdheseclosed poresave little or no effect on the airflow flovesistivity
andsound absorptiofe.g.[29]). In terms of fibre orientationt, can be seen that a majority of
fibresin an uncompressed sampalevertically orientatedand parallel arrangeasillustrated
in Fig. 1. (a) The fibre orientation angle decreasduring the heapressing procesthat
resulted ina reduced specimen thickness and increased material density

100 mm diameter iccular shape samples were cutwith an ELEKTRONISCHE
STANZMASCHINE TYPFE 208 machineto measurdhe airflow resistivityusing a standard
setup In the present study, the airflow resistivity was measwrgdan AFD300 AcoustiFlow
device (The Gesellschaft fur Akustikforschung Dresden mbH, Dresden, Gegrataoyding
to1S0O9053:1991 [2] Ten samples were measured for each polyester nonwovendetiridy
the reproducibility of the airflow resistivity experemt and scattering in the obtained datze
results arssummarizedn Table 4.The relative densitguoted in Table 4was calculated as
the ratio of the material bulk density,, to the fibre densityp, , i.e.p/ p,, where the value
of the fibre density set t876.53kg/m?. A relatively low fibre density is explained by a

relatively high proportion of hollow fibres in the nixe The flow resistivity is plotted against
this parameter isection 4.

Table4
Characteristics of polyester materials
Mean . Fibre
]‘lber Relativ Surfac orientatior

diamete e Bulk e Airflow angle

Sample Fiber r Porosit density density Thicknes density  resistivity ©

s contents  (um) y (%) (%) (kg/m®) s (mm) (g/mP) (Pa-s/m?)

WM 97.60 2.40 21.07 24.09 507.5 5757 + 589 56.07
WM 97.21 2.79 24.45 20.76 507.5 7319 + 243 45.65
WM 96.95 3.05 26.71 19.00 507.5 8630 * 408 40.88
WM 96.86 3.14 27.54 18.43 507.5 10329 + 376 39.41
WM 95.94 4.06 35.56 14.27 507.5 14990 + 285 29.44
WM 30%- 9591 4.09  35.87 14.15 507.5 15410+167  29.17
WM Hollow 94.80 520 4556  11.14 507.5 22230+433  22.56
STT1 45'°5T_, 98.08 1.92 16.87 2836 4783 4011316 87.26
STT1 PEO'IEI- 18.65 97.31 2.69 23.54 20.32 478.3 7498 + 332 45.70
STT1 2504 - 97.20 2.80 24.54 19.49 478.3 7412 + 328 43.35
STT1 Bi- 96.47 3.53 30.94 15.46 478.3 13400 + 277 32.99
STT1 componen 95.79 4.21 36.88 12.97 478.3 16750 + 442 27.18
STT2 t PET 98.07 1.93 16.93 27.48 465.2 4108 + 199 79.09
STT2 97.78 2.22 19.49 23.87 465.2 5337 £ 217 58.53
STT2 97.44 2.56 22.48 20.69 465.2 7029 + 356 47.67
STT2 96.85 3.15 27.61 16.85 465.2 10180 + 259 37.02
STT2 96.01 3.99 34.95 13.31 465.2 13370+ 199 28.40
STT2 94.91 5.09 44.60 10.43 465.2 20470 + 687 21.88

PET: polyethylene terephthalate.



Fig. 2. Crosssectional microscopic pictures of polyester fibers: h@jow PET; (b) PET; (c)i-
component PET.

The fiber diameter was requiredpredictthe airflow resistivity with dheoretical model. In
this study, the polyester nonwoven materials were matlethree types of fiberThe fiber
diameter has been determined using the ImageJ software based on the scanmnamgy elect
microscope (SEM) imagédsee Figl. (b)), so that the fiber diameter distributitor polyester
nonwovens were obtained.ZBfiber diametesfrom 150 SEM images were measunedbotal
to ensure reproducible statistics. The fiber diameter distribution is showg. iB. Hihe lkernel
density estimation was applied to get the distribution ilnthe image analysi€bviously,
some of the features are that it has at least two peaksatail at the largeliameter end. A
symmetric fiber diameter distributiam either side ofhe highest peak implies that the finest
fiber is the key component which is 45% in polyester mateAadsasymmetric fiber diameter
distribution can be found at the second peak from the left and the slope of distrilmgibadi
a slight decrease after the peak. It indicates that there is another typeestexdiper besides
the two types of fiber which can be easily distinguished from the firstemmhd peakfrom
the left. Thus, samples have triple fiber components with rough diameter of 13, 19;and 22
The mearfiber diameter of mulicomponent polyester materials was determined according to
the following equation:

d = Z?:ldi , (2)

n
wheren is the total fiber countd; is the dianeter for each fiberThe mean dianter of
polyester fibres wapresented in Table 4.
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Fig. 3. Fiber diameter distribution of polyester nonwov&li, ST T1andST T2obtained for2358
fiber diametedata

4. Results and discussion

The accuracy of the airflow resistivity prediction models presented in Sdiewas
compared against the obtained experimental data. The accuracy of theoretieaipancal
models was investigated by comparing the relative prediction ehnotisis cdculations the
values of the material density, porosity and mean fibre diameter wereftake Table4. In
order to investigate the accuracy of airflow resistivity models, thevelatediction error as
calculated according to the following equation:

_ 271\1,=1An _ 13w |Jp,n_f7m,n|
A— N - N Zn:l o-m,n y (3)

wherea, is the predicted airflow resistivity,, is the measured airflow resistivity, ahtis
the total number of material specimens stud{@#18). A relativeerror of 0.2 means a
difference of 20% from the measured value.

4.1. Prediction of airflow resistivity based on theoretical models

Due tothe same fiber content samplesVM, ST T1 and ST T2he airflow resistivity was
descried as a function oflativedensity which was determined as a rafithe material density
over the density of polyesteThe predicted airflow resistivityaluesbased on capillary
channel theorysee the models listed in Tabledreshow in Fig. 4. (aas a function of the
relative densityThe relative prediction errors of capillary channel theory models are compared
in Fig. 4. (b). It can be seen that Doutres and {Nlmddgren modelgredict similar values of
the airflow resistivity. Th&ozenyCarmanmmodel agrees closely with that by Pelegratial.

This difference can be explained by the fact that the two sets of models make use of rather
different coefficients in thow resistivity equations: 180 fdhe KozenyCarmartypemodels;

and 128 forthe Lind-Nordgren modelsThis difference in the predicted airflow resistivity
increases proportional to the material denditye Davies CN model showtbe highest value

of predicted airflow resistivityand a relatively high erroit is observed that theaximum
relative erroffor this model i98.8% The relative error of Kozer@arman model is relatively

low, with a maximumvalue of 123%. The maximum error for the Pelegrirgsal. model is

8.4% which is the lowest among the five models considered. It was also founthéhat
Pelegriniset al. model is more reliable when the material density is relatiosly However,

it begins to overestimate the airflow resistivaisthe relative density increasabove 4%.
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Fig. 4. (a) Predicted airflow resistivity based on capillary channel yhaod (b) the prediction error
of airflow resistivity.

The calculated airflow resistivity of mutiomponent polyester materials basedr@drag
force theory is presented in Fig. 5 ém) a function of the relative densiBig. 5 (b) presents
the predicted error3.he keys to the model type can be found in Tabléh2.results presented
in Fig. 5 suggest that the model by Happel (Happel B model) for the airfigernmcular to
fibres gynificantly overestimatehe resistivity by over 400%. The predictions by Hasimoto,
Kuwabara, Happel A (airfloyarallel tothe fibers) and Tarnow C (airflowperpendiculato
fibersarranged in the form of lattice) are vesiynilar and overstimate the measured airflow
resistivity by 186210%. The predictions by the Langmuir and Tarnow A (airflow parallel to
the fibres arranged in square lattice) are almost identical but overestimaielow resitivity
by approximately 40%. The predictions by Tarnow D model (airflopeipendiculato the
fibres arranged in random lattice) fall between the two latter groups. Theotosate model
for the flow resistivity of this kind dfibres is the Tarnow B model (airflow is parallel to fibres
arranged in random lattice). This model is accurate within 10%. In@dditcan be seen that
the Tarnow B model is more accurate whemtiagerialshaverelativelylow density however
this model exhibits higher variation comparingieasuredalues at high density range. This
phenomenon can lexplainedoy thedecrease dibre orientation anglaith increased density
for high specimen compressi@s illustratedn Fig. 1(a) When thefibre orientationangle
decrease, the airflowis nolonger parallel to the fibre§vVhenthe orientation angles close to
0 the airflowbecomesperpendiculatto the fibres. For these materials the measured flow
resistivity (seeFig. 5 @) is higherthan trat predicted withTarnow A and B models/hich
work better when the flow is parallel to the fibres
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Fig. 5. (a) Predicted airflow resistivity based on drag force theory and (Iprélaéction erroiof
airflow resistivity.See Table 2 for the key to the model type.

4.2. Prediction of airflow resistivity using empirical models

The predicted airflow resistivity calculated from empirical models areepted in Fig. 6.
(a).Fig. 6 (b) presents the prediction error det@Bies-Hansen and Manning RB modeise
significantly underestimated airflow resistivity of medtmponent polyester materials in
comparisomwith measured value$his can be explained by tddéferent materials and bonding
method in their studies in comparison withthe current study [22, 24%arai, Manning MB
and TB models exhibit similar resuliad relative good agreement by comparing the measured
airflow resistivity. It is observed that the prediction errors fase three modetange from
11.1% to 15.7%The predictions by Manning TBnd Garai are very close, but Manning TB
method shows better predictiorighe relative error for Manning RB/TB and Garai models
increase with the increased value of the relative density. The relative ertfoege models is
below 10% when the relative density of the fibrous material is below 3%.
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Fig. 6. (a) Predicted airflow resistivity based on empirical models anthéoprediction error of
airflow resistivity. MB is mechanically bonded; RB is resin bonddgljslthe thermally bonded.

5. Conclusions



Thiswork hasstudied the accuracy obmmonly usedirflow resistivity models fofibrous
media Those models have been grouped into two roaiagories: theoretical and empirical.
In order toselectthe most reliable models for muttomponent polyester matesalhree types
of polyester nonwoven samples were developed and studied with the relative dengitg be
the range of 1.92 5.2% The fiber diameter distribution was obtained using ImageJ software
with mean fibre diameter being 18.a68. The airflow resistivy results have been carried out
by AFD300 Acoustic Flowdevice. Theeffect of thefibre orientation angle on the flow
resistivity of fibrous specimensasalso studiedAs expected, the flow resistiviipcreases
with the decreased fibre orientation angle, ween the flow becomes perpendicular to the
fibres.However, his effectwas found to beelativelysmall in comparison with the effect of
material density.The error between predicted and measured airflow resistivity has been
determinedThe results indicate that tRelegriniset al. model is the most suitable model for
multi-component polyester material in those modstablished using capillary channel theory
andthe relative prediction error is 8.43f4r this class of fibrous media. For models based on
drag force theory, one of the Tarnow mod®thibits relatively high accuraayith a relative
prediction error of 10.41%. It is observed teameexisting empirial models are acceptable
for multi-component polyester materials. One of the Manning model exbidwits agreement
with the value of measulairflow resistivity, the prediction error isl.1%.
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