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Abstract

The air flow resistivity can be considered as a kdaracteristic to study the acoustic
performance of porous materials. In the laboratbeyabsorption coefficient or the acoustic
impedance in a standing wave tube are the quantisaally measured. Both parameters are
related to the air flow resistivity through wellgwen empirical models. In this work one of
these models is used to estimate the air flow tretys based on absorption coefficient
measurements by an inverse fitting method. Sommpbes are given.

INTRODUCTION

Sound absorbing materials are used in almost edlsaof noise control engineering.
The use of mineral wools is especially extendeduitding acoustics because their
physical properties are especially suited in naisé thermal problems, and also fire
protection.

The mineral fibers are manufactured in the formmatts, boards or performed
elements. Most mineral wools used in building atiosasare constituted of fibres of
statistically distributed diameters between 1 a@gm. In the case of mineral wools
their diameters can reach up to 60

The goal of the acoustical characterization o¢henaterials is the prediction of
the complex characteristic impedance ahd propagation constant, koeing the
experimental procedures to determine these parasneleeply investigated and
standardized.

The intrinsic characteristics of these materiagddgated with their acoustic
absorptive capabilities arguorosity (related as the ratio of pore volume to total
volume), fiber diameter(microscopic examinations are necessary to eshaltfie
distribution statistics)structure factor(takes into account the effect of the pores and
cavities placed perpendicular to the sound wave flaw resistivity.

The flow resistivity, Ry (specific flow resistance per unit thickness oé th
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sample) is the most important physical characteradta fibrous material, and it can
be measured following the instructions describedS® 9053:1991 [1]. For these
types of materials thd&?; value allows the complete prediction for the aticus
behaviour of the projected devices, using the wkelbwn mathematical models
mentioned above.

Many efforts have been made in order to prekiendZ; for fibrous materials
on the basis of their physical intrinsic charactiées. Several authors [2-6] developed
empirical algorithms based in the regression amatyfscareful experimental data.

Other models based in the diameter of the fibeterrads and the density has
been developed [7] but in this work has not beertsiciered.

Microstructural models have been also developsdha Garay & Pompoli [8]
that solve the wave equation in function of thecnastructure of the material. This
type of approximation is based on the Biot thetimat by Allard [9] being one of the
most used. Allard simplifies the model assumingigadrstructure, excluding the
structural waves that propagate throughout theegieelof the material.

In the literature, models based on can also bed@uch as numerical calculus,
as finite element models [10]. These techniquesaidoe easily generalized.

All the empirical algorithms use a single paramepeoposed by Delany: the
non dimensional variablé, resulting from the product of the frequency wiitle air
density over the flow resistivity of the bulk magdrat the density at which the
absorption coefficient will be measured.

The design and implementation of a device fornteasurement of the air flow
resistivity, Ry, based on the ISO standard are not within reaahaofy laboratories.
The alternative procedure described in this paplewa the determination oR;
through impedance measurements in standing waes tubimpedance tubes that are
commonly available in acoustic material laboramrieurthermore, it is applicable to
the calculation of Rin samples of glass fiber wools as well as in maheools.

The validity range of the procedure and the preciwill be stated in the
summary and conclusions.

ABSORPTION OF FIBROUSMATERIALS

In applied acoustics the most used parameter inel#éie capabilities of this type of
materials is the sound absorption coefficiemt,It is well extended the use of
impedance tubes in the processing step of the tgeleor implementation of
absorbing devices, and for the measuremeat of

The surface acoustic impedanZe of a layer of absorbing material, with
thicknessd, characteristic impedancg and propagation constaky, placed in an
impedance tube with rigid end (normal incidence) is

Z, =-Z,cothk.d) (1)

The reflection coefficient in the external surfatehe porous layer is:
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R:Zs_zo (2)
Z,+Z,

beingZ, the characteristic impedance of the surroundinigl fin our case (aip).C.

Finally, the absorption coefficient is:
2
a=1-|R 3)

In this way, starting from the values &f and Z; the calculation ofa is
straightforward.

In this work we have used the empirical algorithsleseloped by Mechel [4],
because we have found this gives the best cowelatietween experimental
measurements and empirical predictions for the madgestudied (several types of
glass and mineral wools). A% andk; are functions oR;, an inverse method has
been implemented to gBi values froma data.

CALCULUSPROCEDURE

The equations that relate propagation constantl@dharacteristic impedance of the
material with its air flow resistivity are (Mechidl]):

= klo{a E +j@+a E)) “

z, = Zl{1+ bE¥ - jorEF)

(o]

K

In these equations the normalized frequency paenge= ﬂ is a universal

descriptor of fibrous porous sound absorbing maltefirstly used by Delany &
Bazley [2]. The regression parameters a’, a”,ly, o', o, B’ andp” are given in
table 1. In the table different regression paramseter the normalized frequency
regions below and above E=0.025 are shown.
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Material | E Region a' | a a a b’ B’ b” B’

Mineral & | E> 0.025| 0.322] 0.502| 0.136/] 0.641| 0.081| 0.699] 0.191| 0.556
basalt wooll £ < 0.025| 0.179| 0.663| 0.103| 0.716| 0.056| 0.725| 0.127]| 0.655

| E>0.025] 0.396] 0.458] 0.135] 0.646/ 0.067] 0.707] 0.196] 0.549
Glass fiber| £ < 0.025( 0.179| 0.674| 0.102| 0.705| 0.024| 0.887| 0.088| 0.770

Table 1. Parameters for Mechel's model pfyk.

The direct method to determinB; values starting from the absorption
measurements and solving with the aid of equatiotts4 is not straightforward, due
to the exponential dependence in eq. 4.

An alternative way is the use of an inverse metleodsisting on measuring the
absorption coefficienty(f), in impedance tube, comparing these results witiseh
obtained by equations 1-4 for a set of valuefRbfand thicknesses centred in the
nominal value of the material thickness. The compytrogram minimizes the
guadratic sum of the distances between each ctddulalue and its corresponding
experimental value (fitting residue).

In the measurement of the air flow resistivityldaling 1SO 9053, the measured
parameter is the acoustic resistance of the tesplsathat, divided by the thickness
of the sample the value 8% is obtained. The measurement of samples with kosvy
densities is very complicated due to the delicaisitpning in the sample holder,
which can be compressed during manipulations, giema result higher valueskf
The same situation will be found when the sampleossitioned in the sample holder
of the impedance tube. This manipulation increaties uncertainties of the
measurements.

RESULTS

With the aim of verifying the above described phge an experimental set up was
implemented, measuring; anda from a series of samples of mineral wools (from
several manufacturers), whose characteristicseseribed in table 2

Direct method

The resistivity of the fibrous layers was obtainesing ISO 9053:1991,
following method A: “Direct airflow method”. A unitcectional air flow,e, is forced
through the sample to be tested, and the flow aatethe pressure dropp, across
the test sample are measured. The total flow eggistof the sample is obtained from
the ratio of the pressure drop and the flow vejocithe resistance per unit length is
obtained dividing by the sample thickness. Defininthe cross sectional area of the
sample (perpendicular to the flow), ashthe thickness, then the air flow resistivity of
the test specimen is:
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R = A; [g\ Nm’s (S| Rayls/m)

Several samples of each fibrous type have beesursh We must emphasize
that for this paper we have selected several tyfesineral wools that have in
common their stratified constitution, presentingesal problems in the measuring
that are not found with other types of fibore matkrias glass wools. Three or four
samples have been obtained at random locatiorfseitayer material, for both sizes
of diameters.

In table 2 are included the average of the medsaireflow resistivity, with the
standard deviation. The averaged values correspbtiniee samples random selected
for a mat of material, measured three times turrungr the sample between each
consecutive measurement (so as to reverse the.faces

Sample | d1(mm) | p (Kg/m®) | R: Sl Raylsm std(Ry), (%)
RO1 40 110 43148 1358 (8.6)
R0O2 80 56.1 16896 1669 (9.8)
RO3 40 70 25627 6160 (24)
R0O4 60 29 5934 1523 (25.6
R0O5 40 38.2 14488 2040 (17.7
R0O6 40 52 15761 1358 (8.6)

Table 2.Characteristics of the used fibre layers

I nver se method

For each type of material a setoof curves was obtained, for 10 cm diameters and
for 3cm diameter. An algorithm was implemented ¢just experimental curves to
theoretical following the different empirical equomis [2-6]. After preliminary
calculus with all the cited empirical equations legapto the several types of mineral
wools studied, we decided to restrict the studgheoproposals of Delany, Allard and
Mechel.

Each sample was measured at least three timessimyethe orientation
between measurements as described above.

The absorption coefficient;, of the samples was measured in an impedance
tube using two microphone method, following ISO 34%2:1998 [11]. The
impedance tube has a diameter of 10 cm, determaimgasurement range from 100
to 1600 Hz. In order to increase the frequency eamg to 6400 Hz a smaller tube
with a diameter of 3 cm was used.

As an example, figure 1 shows the experimentateziof the 10 cm samples of
the set RO1.
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Figure 1. Experimental absorption curves of theR@1 measured in impedance tube.
Diameter of the samples 10 cm, thickness 6 cm.

Figure 2 shows the difference of the experimentat curves minus the
corresponding obtained after the best adjustmernh wach of the three cited
algorithms, for the R04 (big tube) set of values:
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Figure 2. Differences between experimental absomptcurves and the corresponding

theoretical, using the formulations of Delany, Adaand Mechel, after the better

approximation of Rfor each curve for the sample of 10 cm enclosatédrset RO1.

A quality single number index was implemented @oben the fitting residue)
in order to simplify the election of the best enwgal formulation for our proposals,
through great number of samples.

Figure 3 shows superimposed, as an applicatiompbea the calculated®;
values for the experimental curves using the dlgaos of Delany, Allard and Mechel
(20 cm. samples of RO1).

After this preliminary work, we decided to use Meks equations due to the
better agreement between experimental resultsherwatdtical approximations.
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Figure 3. Best approximation of, Ralues of the big samples using the empirical &goa of
Delany, Allard and Mechel

In the samples with very low bulk density, the swewament ofR; can be
troublesome due to the variations in their thiclkned, during successive
manipulations. For this reason two series of caletdre made: one with their
nominal thickness and other with the values tmatespond to the best approximation
to the experimental data.

Starting from this data an algorithm was implerednin function ofR; andd,
that gives the better approximation to the respeaikperimental curve.

Figure 4 shows, as a survey summary, the restitsined for the set of
measurements RO1 for the 10 cm. tube (TG) and tme. 3 he bars correspond to one
standard deviation .

70000

65000 -

60000 | TP Delany N1

55000 4
TG Delany N1

50000 -

TP Allarfl N1
TP Dela'lyn:éA” rd Ng

TG Delany N2

TP Mechel N1
TP Mechel N2
TG Allafd N1

TG Allard N2
45000 +

experimental TG Mechel N1
TG Mechel N2
40000 +

35000

Figure 4. Airflow resistivity, Rof RO1 obtained through experimental measureraectsding to ISO
9053, and those obtained with the empirical eqnstibroughout: determination with 10 cm impedance
tube (TG) and 3cm (TP). Bars correspond to onelatdrtleviation
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CONCLUSIONS

In this paper an alternative procedure to the ISIB39is presented. The new
procedure allows calculating the flow resistivis, from experimental measurements
of the acoustic absorption coefficieat,in an impedance tube

The procedure allows detecting thickness variatioh the samples due to
manipulations during the measuring process.

For sufficiently rigid materials, the procedurendae simplified by neglecting
the influence of thickness variation.

The compatibility index between the direct andeirse methods indicates that
the differences between both methods are not sgtiife.

It would be very interesting to investigate théeef of the bulk density of the
samples in the used procedure, in order to defosgiple dependences.

The uncertainty due to the applicability of thethosl in several types of
fibrous wools is of the same order than those abthiwith the direct method
described in ISO 9053
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