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Abstract

There is a considerable number of research publicatiartbe characteration of porous
media that is carried ouh accordance with the 1ISO 105241SO 105342, 2001]and/or

ISO 9053 standardSO 9053, 1991]According to WEB OF SCIENCH (last accessed on

22 of September 2016) there were 339 publications in the Jourtted éfcoustical Society

of America alone which deal with the acoustics of porous media. However, the
reproducibility of these characteation procedures is not well understodtiis paper deals
with the reproducibility ofsome standard characigiion praedures for acoustiporous
materials. The paper is an extension ofvloek published in K.V. Horoshenkowt. al. , J.
Acoust. Soc. Am. 122 (1), 20p7One novelty of this paper is that independent laboratory
measurements were performed on the same material specimens so that tie oatureing
inhomogeneity in materials was controlled. Another novelty of this work is ttipgesents

the reproducibity data for thecharacteristic impedanceomplex wavenumbeand for some
related pore structure propertidhis work can be helpful to understand better the tolerances
of these material characteation procedures so the improvements can be developed to

reduce the experimental errors and improve the reproducibility betaleeratories.
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[.INTRODUCTION
The daracterzation of porous media has become a standard procedure which is carried out
in severallaboratories worldwide twalidate new models foihé acoustical properties of
porous mediato measure the acoustical performance of new types of porous media used in
noise control applications, and/or to dedtlee parameters dheir porougnicro-structureln
addition, a number of industries rely hebvion their ability to model the acoustical
properties of porous media-situ. For this purpose they need to have accurate data on the
acoustic impedance of porous media and propagation con®¢ht.this is mind, it is
important to have a cleamderstandingf the dispersion of acoustical dataused by the
differences in the equipment and natural variation in the mbferraulation. However, this
information is scarce and tlstandardSO 105342 procedurgis rather ambiguoui terms
of the quality and uniformity of material samples, environmental and operatiamditions,
the quality of setup and signal processing metltad.fair to say thathe reproducibility of
the standarécousticalmethod (ref. [1]) in application to the posomediacharacteration
has not beerproperly investigated.As a result, the uncertainties of the characterization
procedures are largely unknown. There are three basic questions which remaimenedn
() 'How accurate our acoustic material data actually are?’ (i) Would wthgetame result
as published by our colleagues if we test these materials in our own laliPWaidevelop a
new model is it actually more accurate than existing models in terms of &emtiab
measurement errors we canure A while agothe authors of this paper attempted to answer
some of these questions through series of experimentslesignedto evaluatethe
reproducibility in normal incidence sound absorption coefficient and surfacelampeof
porous specimens whiakere cut independently from flat sheets of porous materials sent to
the 6 partners by 3 material manufactiuteiEhese experiments were carried out in 2
microphone impedance tubes in compliance iSO 105342' standardAs a general
summary of theesults, higher variations in the measured spectra for the surface impedance
and acoustic absorption coefficient were observed between individual samglexlividual
laboratories in the case of low permeability, low homogeneity, broad pordisigbuion
and reconstituted porous rubber. The smallest variations (<20%) in the databserved in
the case of high permeability porous reticulated foam, although the mountingjat&br
this material were difficult to reproduce in independent acoustioratories which resulted
in a shift of the frame resonance frequency affecting the absorption coefficiarcertain
frequency range. Finally, medium level variations in the measuredtarawabsorption data
(> 20%) were observed in the case of fiberglass. These variations were attributmt®ich
specimen thickness during the mounting within the measurement tube.
At the momentthe authors are not aware of any studies which provide experimental data
from independent laboratorie®r characteristicacoustical properties (i.e. characteristic

impedance and complex wanumber) andor severalphysicalparametersiescribing their
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micro/macro structure (airflow resistivity, open porosity, tortyoaitd viscous and thermal
characteristic legths) measured for the same material specimefmong physical
parametersonly airflow resistivity can be measured according to a standard9@S@) and
considerable work has been carried out by Garai and Pdmpalicoordinatedhe European
Inter-Laboratory testis per thastandard The resultsof this work arelimited to melamine
foam samplesindshow that most laboratories have good internal repeatability, partycular
for single sample measurements. In comparison with repeatabilityyehalaeproducibility
is not sogoodmainly due to systematic deviations inherenturrent laboratory practicén
this respect, there is a lack @producibility data which are obtained for the same material
specimen tested in independent acoustiortories.
Therefore, thaim of thHs paperis to determine the dispersion of surfam@usticadata(i.e.
surface impedancez, and absorptioncoefficient ), characteristic properties (i.e.
characteristic impedance., and complex wavenumhek:), and related pore structure
parametergairflow resistivity, o, open porosity ¢, tortuosity «.., and viscous,, and
thermal, A’, characteristic lengthsobtained forthe same materiadample but tested in
differentacoustidaboratoriesThe meaning of these parameters is detailed in5ef. [
This paper is orgagid as follows section Il outlinesthe methodologysection 1l presents
theresults 6 from individual laboratorieandinter-laboratory dataConcluding remarkare

made in the last section

[I.METHODOLOGY

In this work seven acoustic research centers were involved. Thes¢hardniversity of
Ferrara (Italy) the University of Perugia (Italy), Katholieke Universiteit Leuven (Betg)u
Matelys/ENTPE in Lyon (Frase), Gesellschaft fir Akustikforschung Dresden (Germany),
the University of Bradford (UK), and Sherbrooke University (Canaddjree different
porous materialavere investigated reticulatedfoam consolidated flint and reconstituted
porous rubber, denoted materials A, B, andeGpectively(Fig.1).

Figure 1- Tested materials. Tested materials. A: reticulated foam (left), Bolidated flint (center),

C: reconstituted porous rubber (right).
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In this researchthe same set of specimens for porous mateunidls different diameters (99
mm, 44mm and 29 mmyas provided and shared amatdaboratoriesMaterials A and C
were identical to those used in rgP], that are reticulated foam ameconstituted rubber,
respectively Material B was consolidated flint particless minimize the effect omounting
thickness variationwithin the impedance tubek this way samples of each material were
not exactly identical among all the partner lalbaras because they were cut for a range of
impedance tube diameteiBable | presents a basic description of the masenhich were
used in the intelaboratory experimentTable Il lists the acoustical andpore structure

parameters and partner laboratories in which these parameters were measured.

Table 1. Theporous materialased in the intetaboratory experiment

Material Description Thickness Density Diameters Number of
[mm] [kg/m3] [mm] samples for
each
diameter
A Reticulated foam 20+0.1 8,8 29/44/99 4
B Consolidated flint 31+0.1 1500 29/44/99 6
C Reconstituted porous rubbg  28+0.1 242 29/44/99 6

Table 11.The list of the acoustical and related pore structure parameters and partnerrigisarato

which thesgparameters were measured

6 la-| A] A

Partner Z,a | Z, ke

e|e|e|e|e|e(Q

N[O~ WIN|(F

A. Measurement of acoustical properties
The acousticalpropertiesmeasured directly imccordance with the 1ISO 10524 were the
normalizd surface acoustionpedancez [-] (for plane waves at normal incidenag)d the
normal incidence sound absorpticoefficient« [-] of the material sample backed by a rigid
wall. The size andliameter of the standing wave tube, thenufacturers and the excitation
stimulusused by the partners are detailed in Table The following methods of sample
mounting conditions were adopted (see Table (i) the diameter of the cut samples was
close to or slightly smaller than the diameter of the tube and the samples wengedrisp
tape to prevent any leakage around the edgee constraint (TC); (ii) the diameter of the
sample was exactly equal to that of the tuperfect fit (PF)
All the patners appliedheamplitude and phase mismatch calibration procexhetore tests
(with the exception ofPartner 4 wl used a single microphon&) accordance with ISO

10534-2. All the microphones used in these experiments were standaraificrophones
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140 (see Table lll).Partner 1- 5 carried out tests in the frequency rargmsistentwith that
141 suggested in ref. [1] for a given tube diameter and microphone spacingrRagrovided
142 data in thefrequency range between 200 Hz and 1600 Hz becauséowf signatto-noise
143 ratio. It should be noted thahe ISO 10534:2001 standaraloes not definghe exact
144  frequency range for a given tube diameter and microphone separation, but radsntinee
145 bounds for the lower and upper frequencies in the range §seton 4.2in ref. [1]).
146 Therefore, thgartners chose the frequency ranges to sdtigfistandard requirements for the
147 level of nonlinearitiesfrequencyresolution, measuremeninstabilities and signab-noise
148 ratiorecommended in ref. [1].

149

150 Table Ill. The equipment and mounting conditions used to deteriréngcbustic absorption

151 coefficient and surface impedance (HM: homemade equipment; TC: tape conBiraiperfect fix.

Partne Tube Tubelength | Mountin | Stimul | Electron | Micropho | Frequen
r diameter / [m]/ g us ic ne cy range
tube microphone | conditio har dwar type [HZ]
manufactur | spacing [m] ns e
er
NI USB PCB
1 45 mm/HM| 0.5/0.03; 0.1 TC Sweep 4431 377C10 100-4200
SR8
White Channel
2 29 mm/HM| 0.4225/0.02 PF ; Analyzer | BK2670 | 4006900
noise
(DSP
Board)
Bruel
and
29 mm / White Kjear
3 B&K 4206 0.4225/0.02 PF noise Pulse BK2670 | 2606400
type-
2827
Pseudo NI PXI
4 29 mm / HM 0.35/0.02 PF ran(_tlom 4461 BK4187 | 4006900
noise
29 mm / White | NIUSB- | MT Gefell
5 B&K 4206 0.4225/0.02 TC noise 9233 M 365 2006400
6 |38mm/Hm| YOOZ00301 pr | gpeep | CPIB | GRASA0B 5001600
Briel &
Kjeer
29 mm / White PULSE
7 B&K 4206 0.4225/0.02 TC noise Type BK4187 | 4006400
3560B-
030

152

153 Each impedance tube was driven by a single loudspeaker which was adaptesize and

154 the frequency range of the impedance tube and it was assumed tube vibration effeloé coul
155 ignored. Regarding nonlinearity in speaker response the impedance tubes used in these
156 experiments were designed in accordance with the 1ISO 122801 [1, in which Section

157 4.8 suggests thafThe errors in the estimated transfer function Hi» due to nonlinearities,

158 resolution, instability and temperature sensitivity of the signal processing equipment shall be
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less than 0,2 dB.” This is a very small effect and authors believe that it was insignificant in
experiments given a relatively high natural inhomogeneity in the nmaggégimens and
effects of specimen mounting in the tuliée sampling frequency and the sequence length
used in the Fourier analysis sgechosen to cover the desired frequency rangeaprbvide
adequate frequency resolution in the transfer function spectrum as suggesfedilin The
effects of temperature andhriations inatmospheric pressure were compensdtedas
suggested imef. [1]. The material thickness was measured to +0.1 mm using calibrated
calipers.
In addition, thenormalzed characteristic impedance., and the complex wavenumbé,
were measured using wellestablished 4 microphone and transfer matrix technigue a
describedby Song and BoltdnPartner 4iseda 3 microphongtechnique as described in ref
[7]. The details of theqiipment andneasuremertechniquesaresummarzed in TablelV.
The equipment used in 8r 4microphone tests was properly calibrated prior to the start of
the experiments to compensate for microphone channel mismatch using the prsiceiture
to thatsuggested imef. [1]. All the microphones used in these experiments were standard 1/4
inch measurementmicrophones (See Table IV)}or the frequency range for these
experiments was chose to meet the recommendations for the impeadaecsetup as
suggested in thisO 10534-2 [1].

Table IV.The equipment, measurement techniquesamdplemounting conditionsised to determine

the characteristic impedance and complex wavenumbentép€:constraint; PRerfect fif.

Partne Tube Measureme | Mountin | Stimulu | Electroni | Micropho | Frequenc
r diameter / | nt technique g S c ne y range
tube conditio hardwar type [HZ]
manufactur ns e
er
4
microphones NI USB PCB
1| 45mm/HM | hniques- | TC Sweep | 4431 377C10 | 1004200
refs [6-8]
4
3 | 44 mm/Hm | Microphones) oo Pulse ND BK2670 | 1883500
techniques-
refs [6]
. 3 Pseudo
4 | 20mm/Hm | microphones) o ngom | NPPXET Braig7 | 4006800
technique- X 4461
noise
ref [7]
Bruel &
4 Kjeer
29 mm / microphones White PULSE
! B&K 4206 | techniques- TC noise Type BK4187 | 4006400
refs [6] 3560 B-
030
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183 B. Measurement of pore structure properties
184 The arflow resistivity, o, wasmeasured byhe participantsusing the procedure described in
185 ISO 9053. This standardndicates that the value of airflow resistivity has to be determined
186 for theairflow velocity ofless tharD.5 mm/s When this is not possible the standaugjgests
187 repeatingtests at different values of airflow velocity and extrapolating value of the
188 airflow resistivity atthe nominal valuef 0.5 mm/s. Table/ describeshe equipment, the
189 measurement technigeiend the procedures used by the partners to measure the flow
190 reskHtivity.
191
192 Table V.The guipmentandmeasurement techniqused to determine tragrflow resistivity.
Partner Tubediameter /tube M easur ement Pressure Extrapolation of
manufacturer technique transducer / d at 0.5 mm/s
Pressurerange
Linear bestffit
between pressure
1 100 mm/ HM ISO 9053 BK4186 difference and
Method B . .
velocity passing
through zero
ISO 9053 MKS Type 698A .
2 99 /44 mm / HM Method A (0.1-1000 Torr) No extrapolation
FCO 34 (610 Pa) Linear besffit
between pressuré
3 100 mm/ HM 1SO 9053 difference and
Method A . :
velocity passing
through zero
MKS 120AD Direct
4 29 mm / HM ISO 9053 Baratron 1 torr (8| measurement at
Method A
1 Torr) 0.5 mm/s
SET-D267MR-6 Linear bestffit
(-100-100 Pa) betweerpressure
5 99 mm / HM ISO 9053 difference and
Method A . .
velocity passing
through zero
ISO 9053 Not declared .
6 38 mm /HM Method A No extrapolation
193
194 Five partners measured the open porosity using theequipment and measurement
195 techniquess describeth Table VI.Partnersl-4 wsedthe isothermal compression of volume
196 (Boyle's law) experiment to measurethe porosity. Rirtner 7usedan acoustianethod based
197 on theanalysisof the wave reflected from the sampleohtique incidenc¥.
198 Table VII gives an overview of the measurement techniques for the measurdnhégth o

199 frequency limit oftortuosity a.. and characteristic lengtl{g and A’). A majority of partners
200 obtained theortuosityand characteristic lengthi®om the curve fitting d acoustical data and
201 theoretical modelling as described in r¢i-15]. Rartners 1 and ferformedmeasurements
202  of tortuosity by means of ultrasonic té$t€ Partners 1 and 2 used samples of different
203 diameters to measure the flow resistivity and acoustical prepeffihis means that two
204 different sets of material specimens were used by this partner in the repoggtherts.
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205 Table VI. The equipment and meeaement technique used to determine the open porosity (HM:
206 homemade equipment).
Partner Tubediameter /tube M easur ement technique
manufacturer
1 99 mm / HM Isothermal compression of volufhe
2 99 mm / HM Isothermal compression of volufhe
3 29 mm / HM Isothermal compression of volufhe
4 29 mm / HM Isothermal compression of volufhe
6 38 mm /HM Ultrasonic reflection methdgl
207
208  Table VII. The equipment, measurement technijused to determine thertuosity and characteristic
209 lengths.
Partner Device M easur ement
technique
Ultrasonic test-*2and
1 99 /45 mm / HM fitting from acoustical
datd®
2 44 mm kundt tube / HM Fitting frg;? ale:coustlcal
Fitting from acoustical
4 29 mm / HM datdS
Ultrasonic test/
6 38 mm /HM fitting from acoustical
data
210
211 C. Error analysis

212 Each laboratory carried out two different sets of measurementssts on different samples
213 of each material (with the exception of Partner 6), (ii) tests on the sample for each
214 material (with the exception of Partner 4 and ®)e relative errors fom quantity (here
215 generically named as) measured from thesests weredefined as the ratio betweéts

216 standard deviation and mean valaad expressed in percentige

217 £ =2x

R

218 <X> andox being the mean value and the standard deviation, respectively.

x100, [ % (1)

219 The statistical preedures for the analysis of ttepund absorption coefficient, airflow
220 resistivity and open porositgescribedin the 1SO 5728. and 5728 stindard® ¢ were
221 applied.

222  According tothe ISO 57252, the repeatability standard deviation is a measentof the
223 dispersion of the distribution of independent test results obtained witlarhe method on
224 identical test items in the same laboratory by the same operatorthsisgme equipment
225 within short intervals of time. The reproducibility standard désmeis a measureentof the
226 dispersion of the distribution of test results obtained with the sanmteodhen identical test
227 items in different and independent laboratories with different operatsirsy different
228 equipment. According to tke standard it is also possible to define for each of the tested

229 materialsthe repeatability standard deviation in an acoustical parameter for a single sample

Paged/2:



230

231

232

233
234
235
236
237

238

239

240
241
242

243

244
245

246
247
248
249
250
251
252
253

254

255
256

257

258

F. Pompoli et al.

measured in laboratory

5 = 21270 @)
nf

where o, ; is the standard deviatidior laboratoryi at frequency for themeasured values of

theacoustical parametéor the samenesampleandn is the number ofliscrete frequencies
at which this parameter was measui@dch deviation depends mainly e randomerror in
the measurement chairenvironmental factorspostprocessing of data and mounting
conditionsfor the sample in the tub&herepeatability standard deviatidor all thedifferent
samplesn laboratoryi can be defined as

_ Z 10 Ajj

Opi = 3)
N

where o, ; is the standard deviatidior laboratoryi at frequency for themeasured values of

the acousticalparameter between the dlifferent samples. Such deviation depends on
randomerrors,samplemounting conditions, homogeneity arahgle preparation techniggie
The above quantities can be used to calculatendamaterial standard deviation as:

>: ZinleaM i

n.

(4)

(ow

where

Oy i Ei,i - 5121 (5)

is the material standard deviation for laborataryand n_ is the number ofindependent
laboratories.In the above equatiowe assume that the total error is a combination of the
natural variation in the material properties and that which results feméasurement itself.
Therefore, he material standard deviation is a measure of therdispein the data due to
natural variation in the material properties from sample to sasaptbatthe neanmaterial
standard deviatioris related mainly to homogeneity and sample preparation technique
adopted in this work.

Theinter-laboratory standardeviationfor asingle samplés calculated as

i"zf zi—l(m':n _‘im' ) (6)

n; j=1

(011)=

where m, ;; is the mean value of the acoustic parameter measured for the same sathple

laboratoryi atfrequencyj. Here

(m, - 2™ ™)

is the average of the mean values among different laboratofieguncy;.
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259 Theinterlaboratory standard deviatidor tests orall the material samples can loalculated

260 in a similar manneas

261 (o) :ii (Mg (M)

ne = n -1

(8)

262 where m,; is the mean value for laboratonyand frequency obtained for different samples.

263 Here

_ 2 M

264 (M) == 9)

265 istheaverage of the mean values among different laboratories meastrexliency;.
266 In this waythe eproducibilitystandard deviatiafor a single sample and for all teemples

267 can be calculated as:

268 Or = 1/<al>2 + <al 1>2 andog, = \/<0A>2 + <O'|A>2 , (10)

269 respectively. Here
n — n —
Oy O,
270 <01>:—Z'_1 = and(c,) = 2.4 (11)
IﬂlL nL
271 arethe nmean repeatability standard deviatifor a single sample anfbr all the different
272 samples, respectivehA similar statistical analysis was appliemlother material parameters

273  which were measuredon-acousticdy. In this casehe value ofn, in the above equations

274 wassettol

275

276 111.RESULTS

277 A. Surfaceimpedance and sound absor ption coefficient

278 The error analysis was basedly on the 400- 3500 Hz range to make data from all the 6
279 partnerscompatible The followingfigures show the raw data in the frequency range which

280 wasactuallyutilized by each individual partnefhe results ofhe interlaboratorytests show

281 that therelative errorg(calculatel using Eq. 1)in the real (gm(zs) ) and imaginary(gs(zs))

282 parts of thesurface impedance aribat of theabsorption coefficients,, calculated in the

283 frequency range betweet®0 Hz and3500 Hz, were 13%, 13% and 4%, respectively. For
284  material Bthesewere 24%, 10% and19%, respectivelyFor material Ghese wer@9%, %o
285 and 7% respectivelyln the casavhenthe same samplegeremeasured by each laboratory,
286 deviationswere generallyfound lower: 11%/ 9% / 7% for material A, 8% 7% / 3% for
287 material B and 8% 21%/ 1% for material CSuch results indicate a gain in the accuracy
288 with respecto the previous intelaboratory test mainly because the same set of materials

289 wasused minimizing the effect ahe variability in the pore microstructubetween different
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materialslabs.
Figures2 to 4 show the comparisoof the measured data for the real and imaginary parts of
the surface impedance and sound absorptoefficient for all the materialstested in
laboratoriesl - 5and 7 Each curve is the averageall the tests on all théifferent samples
of the same materiallhe results obtained by laboratory 6 have been omitted from these
figures since measurements were carried out on a single specimen for each smaterial

accidently destroyed s@e samples trying to adapt them to fit the tube.
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Figure 2— The average of the real part of surface impedance spectra (top), imaginary pafaa s
impedance spectra (middle), and the sound absorption coefficientasfimatiom) measured by the

participating partners for material A.

The surface impedance and absorption coefficient spectra for material Aoane ishFigs.
2(a)-2(c). There isbetterthan20% agreement in terms of relative errbedween theesults
for the impedance obtained in thi laboratories. The maximumelative erroiin the realand
imaginarypart of the impedancspectrum of +25% is observdxmtlow 3000 Hz (see Fig

2(a) and Zb)). A noticeable increasa the dispersion in the absorption coefficient data can
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be observed around the frequency of the frame resoaéioee2000 Hz(see Fig2(c)). This
resonance is often observeddata forlow density, sofporous medi&. Thedispersion in the
absorption coefficient due to the frame resonance can amowatuesbetween20% and
30%.
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Figure 3- The average of the real part of surface impedance spectra (top), imaginary pafida su
impedance spectra (middle), and the sound absorption coefficient spectoanjoottasured by each

of the participating partners for material B.

In the case ofmaterial Bthe dispersion for all thacoustioquantitiess high Theresults from
partners 2 and 3 are close. These partners 28edm diameter impedantebes, the same
type of microphonesind similarexcitation stimulus. Partners 5 and 7 also used the same
diameter tube and similar type of acoustic stimulus. However, trmiitseare noticeably
different from those obtained in laboratories 2 and 3. The resultddfmmatoriedl, 4, 5 and

7 follow a similar trend despite some differences in the tube diametégtiexcstimulus and
microphone typeslhe dispersion in the absorption coefficient for frequeraiese1000 Hz

is between20% and 40%(Fig. 3(c)). Given a relativelyhigh rigidity of materialB, such
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differencesarelikely to be attributedo the differences in theounting conditionPartners 1,

5 and 7wrappedthe edges of their samples in tape to prevent any leakage around the edge.

The other partners reported a very good fit which did not require thdeséorbe wrapped in

tape.

=—Partner 1

Partner 4

——Partner 2

= Partner 5

Partner 3

-~ Partner 7

=] (=]
‘\‘--

Partner 4

= Partner 5

9
=8
g7
E [

6 -
2 ;
g% [ Ll e \\-IS\—

-

[P A B o2 - 43‘:%,.__*,
E AT AT T e I vy s A——
g | b =Ddeso oo
s 3
€
5
@2

1

0

0 1000 2000 3000 4000 5000 6000
Frequency [Hz]

4
- 2
©
©
%
>0
©
< ——.
El ST = =8 ="
R e — e e S A e
L e
= re
8 4 2
° nw
Q
£ '/‘/
8
£ =—Partner 1 ——Partner 2 Partner 3
5
%)

~Partner 7

1000

2000

3000

4000

5000

6000

Frequency [Hz]

4
©

3

=

S

w

Sound absorption coefficierd [
o o o o o
@

Lo —
’
—Partner 1 ——Partner 2

! =—Partner 5 ——Partner 6 ===Partner 7

Partner 3 Partner 4

o
)

o
[

I I I I I
0 1000 2000 3000 4000 5000 6000
Frequency [Hz]

Figure 4- The average of the real part of surface impedance spectra (top), imaginary pafidc su

o
=]

impedance spectra (middle), and the sound absorption coefficient spectanjottasured by each

the participating partners for material C.

The results obtained for material C show that there can be a maximiour &b five fold
dispersion in the value of the real part of the surface impedarbe iow frequency limit
below 1000 Hz (Fig4(a)). The agreement between thata for themaginary part is poor
across the wholdrequency ranggFig. 4(b)). This dispersion is reflected in the erratic
behavior of the absorption coefficiamhich spectrare shownn Fig. 4(c). Theobtaineddata
suggest that the absorption coefficidot this materialcan vary withina 10-206 range.
Thesedifferences can be attributed tiwe variability in themounting conditionsPartner 1
wrappedthe edge ofheir samples in tape and thisuld haveesulted irsome degree of pore

deformation andncrea®d airflow resistivitywhich generally leads to amderestimation of
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353 the sound absorption coefficiespiectrum
354 A summary of the statistical error analys@riedout according tdSO 57252 can be found
355 in Table VIl which presents the values stindard deviations fahe absorption coefficient
356 determined fromthis interlaboratory experiment These results enable us to draw the

357 following conclusions:

358 e The nmeanrepeatability standard deviatidor a singlesample<01> is relatively low
359 for all the tested materials. Thisan suggesthat random errors and moumg
360 conditions are not dominant (below 0.01).

361 e Themeanrepeatability standard deviation fdifferent sampleéo-A> is significantly
362 (2.8 —7 times)higherin comparison with that for aingle sample tesfhe lowest
363 value is for material A and it is likely to relate to teuctural resoance of the
364 material mountedn the tube. e valueof <GA>fOI’ material B is the highest
365 probablydue tothe inhomogeneity of the material itself. Material Cclsaracterized
366 by an intermediate valusf <O‘A>WhiCh may relate mainly tthe homogeneity of the
367 material andvariation in the mounting condition¥his materialhas asignificanty
368 high airflow resistivity it is flexible and anylateral compressioapplied to its edge
369 when inserted in the tube cartrease ta flow resistivity noticeably

370 e The effect of material standard deviati(éa-M > is dominantwhen compared with
371 the effects dueto randomerrors and mounting conditions for a single sample
372 material standard deviation idated tothe natural ilhomogeneity of the materiahd
373 sample preparation techniquéhe latter effects on the samplenountedn the tube,
374 thatmay cause a change in the sangikestic behaviord.g. in the case ahaterial
375 A), a lealagebetween thenaterialedgeandtubewalls (e.g. in the case ohaterial
376 B) or excessivecompression of the sampleffectively altering its acoustical
377 properties €.g. in the case ohaterial C)

378 o Theinterlaboratory standard deviatidar a single sampléau} is approximately 2
379 times higherthan{aM > becausé is calculatedrom the average valugof m,; for
380 each laboratoryit is affected bythe systematic errors and differeas in the
381 equipment used for thmpedance tubtest.

382 e Theinter-laboratory standard deviat®for a single o, and for different samples
383 OR, arecomparablethat suggestshe dominant influence of different impedance
384 tubesratherthanof some systematic errors

385 e Thereproducibilitystandard deviation for singkeo, ) and different(o, ) samples
386 is lower than 0.07 for all tested materials.

387
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Table VIII. The sandard deviatiosifor the sound absorption coefficiedetermined iraccordanceavith
thelSO 572527,

Standard deviatior] Sample A| Sample B| Sample C
(a7 0.005 0.007 0.004
(on) 0.014 0.039 0.028
(om) 0.012 0.038 0.027
{o11) 0.03 0.054 0.044
(oA 0.025 0.056 0.056
or1 0.031 0.055 0.044
ORA 0.029 0.068 0.062

B. Characteristic impedance and wavenumber

Partners 1, 3, 4 andalso measured the characteristic impedance and complex wavenumber
of the same sample (with the exception of Partneamy of different samples of each
material

Figs. 5 to 7 show the comparison dahe real ad imaginary parts of thenormalized
characteristic impedance and complex graymber(normalized by the wavenumber for air

ko) for all the 3tested materials. Each curvette averageof the tests onthe different
samples.From the dataa consistencyn the results between the participatipgrtnersis
observedalthough must be an error in themicrophone transfer matrix approéaised by
Partner 3 to invert the characteristic impedance. This approach isgulated by a standard

and it is prone to errors due to the imperfections in the quality of the aneehaination,

edge effect and microphone phase mismafble.relative erors(gm(zc) , € &

3(z) " “o(ke) T “3(ke)
calculated using Eqg.)in the frequency rangef 400-3500 Hzwasfound between15% and
30% forthe characteristic impedance abdtweenl0 and30% forthe complex wavenumber.
The deviationn the acoustical properfypr material Ais mainly due tathe frame resonance
(Figs.5(a) and 5(b)). Theleakage effecbetweenthe materialedge and tubevall can be the
reason fothedeviation observeih the case ofmaterialB (Figs.6(a) and6(b)). Material C is
charactededby a highe deviationin thecharacteristic impedance and complex wawnaber
acrossthe whole frequency rangavhich can be attributeth the variability in themounting
conditionsin the impedance tub§igs.7(a) and 1b)).

In particular, hetests ora single sample demonstrate that the maximum relativeferral
tested materialevasfoundto belower than 4% for real part of the characteristic impedance,
14% for imaginary part of the characteristic impedance, 2% for real paheofdmplex
wavenumber and 4% fothe imaginary part of the complex wewumber. When different
samples of each material were testibe relative error in datawas found to belower than
30%.
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420 Figure 5- The average of the real and imaginary part of the normalized characteristic impedance
421 spectra (left), and real and imaginary part of the normalized complex walienspectra (right)
422 measured by each of the participating partfarsnaterial A.
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430 Figure 7- The average of the real and imaginary part of normalized characteristic impepacita s
431  (left), and real and imaginary part of the normalized complex wavenumpéeetrs (right) measured by

432  each of the participating partners for material C.
433

434  C.Porestructure parameters

435 In addition, the partnersarried out tests on the same sample and on different samples for
436 each materiako determine the airflow resistivity, porosity, tortuosity and chariatier

437 lengths Fig. 8 showsthe comparison betweethe average valuesf airflow resistivity

438 measured fodifferent sampledy eachof the participding laboratoriesTable IX presents

439 the standard deviations determined in accordance with ISO5i5irflow resistivity and
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open porosityHere,the standard deviatiorlculated according to the ISO standdrdse
been divided bynean valuef the airflow resistivityandopen porosity, respectively and data
areexpressed in percentagks an example the mean repeatabilignstard deviation for a
single sampldor airflow resistivity and open porositgan be written as:

6‘1‘0=@X100, [4 and gly¢:<3%>x100, [ A (12)
G

Similar expressions can be written for other quantities describedsin(BgL10).

Material A Material B
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Figure 8- The average of the airflow resistivity for material A (left), material Bhi)i and material C

(center) masured by each of the participating partners.

Thein-laboratoryrepeatabilitye,  for the airflow resistivity measured using the same sample

is within 1%. In the case of material A the-leboratory repeatability fordifferent samples

&, 0f material A are lower tha% while they can vary between 10% and 25% for

materials B and C.
A similar analysis is presented for open porosity tests and9Fghowsthe comparison
between average values on different samfdeseach participantTests on the same and

different samples once agaievealedgood internal repeatabilitye{  lower than1% for the
same sample and, . below &4 for different samples). Alseomparison between different

laboratoriesis satisfactory for materials A and B (lower than 7%) while measursmant
material C from partner 6 (using a method based on ultrasonic surfaasioafl seems to
significantlyunderestimatéhe open porosityalue

Fromthe datashownin the TablelX, it is possible tacome tosimilar conclusionssfor the
sound absorption coefficienin fact, for both quantities and for all the tested materidis

mean repeatabilitgtandard deviation for a single sample is lower than the mean repgatabi
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standard deviation foseveralsample; in this case an important role is played by the
homogeneity of materials whileandom errors seem to be negligible. Such results are
confirmed bya relatively low value of thenaterial standard deviatioiihe inter-laboratory
standard deviation for a single sampdehigher than material standard deviation and this
suggests the occurrence of systematic errors for some of the labordRepesducibility
standard deviations for single and different samples range from betweerto 14B% for
airflow resistivity and 1% to 10% for open porosity.

Material A Material B
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Figure 9- The average of the open porosity for material A (left), malt® (right) and material C
(center) measured by each of the participating partners.

Table IX. Therepeatabilityfor the airflow resistivity and open porositjetermined iraccorcgnce with
to thelSO 572527

Airflow resistivity Open porosity

% A B C % A B C
&1 1 1 1 &1y 0,5 11 0,4
Epo 5 14 22 Eng 1 6 1
Mo 5 14 22 Em g 0,4 6 1
1o 10 31 29 €1y 2 10 1
iac 9 25 30 Eing 2 6 3
&

Rlo 15 30 45 Eriy 2 10 1
Erac 10 29 37 Erag 2 9 3
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484
485 Finally, Fig. 10 shows thecomparison for average value$ tortuosity and characteristic
486 lengths obtained by participantslere it is worth rememberinghat the direct tortuosity
487 measurements were executed by partners 1 (on materials A and B) and by partiyeorée(on
488 sample).The emaining data were obtained from theerse estimation from acoustic ddta.
489 any casethe dispersiondetweendifferent institutions for tortuosity are not negligible for
490 material C (around 85%) while for materials A andti dispersion is lower than 15%he
491 dispersiorfor characteristic lengthgariesbetween 20% and 80%.
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e R
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494 Material

496 Figure 10- The average of tortuosity (left), vise® characteristic length (centre) and thermal
497  characteristic length (right) for all the materials measured by each dditieipating partners.
498

499 |V.CONCLUSIONS

500 The interlaboratory tests on the acoustical goale structureproperties suggest poor
501 reproducibility between laboratories especiallytf@ acoustical properties bighly resistive
502 materials and granular materials with a rigid frafie maximumrelative errors in the

503 absorption coefficient, real and imaginary parts of the suifapedance were found to be

504 5, =19%, &,

=2% and €3(2) =13%, respectively A major causes likely to be the
505 naturalinhomogeneityin the materialslab from which the samples were cut. Other causes
506 can be thavay the sample was actually cut and mounteth@mpedancdube These can
507 lead tosystematic errors between laboratories.

508 There is an obvious need for revision of the current stahdenére no discussion of
509 potential measuremenproblems,and no guidance on the installation of the samjdes
510 provided, nanstrument calibration procedures mmocedures foperiodic verification of the

511 instruments arealetailed no indications of the number of samples to be measured for the
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512 characterizatiorof a materialare given and the acceptability of a certain standard deviation
513 on the tests conducted is not discussed.
514 No ISO standard existto measureharacteristiampedance and complex wavenumbEne
515 interlaboratoy errorsreach 30% and the causa® likely to be similar to those discussed
516 earlier in these conclusioni would be appropriate to extend the standardefe. [1] to
517 include the methodologydetailedin ref. [6] for a more completeharacterdation of the
518 materialsn an impedance tube with 3 or more microphones.
519 There is a lack of standard to measure thpsee structureparameters which are used
520 routinely to predict the characteristic impedance and complegmwanber of porous medli
521 Theonly ISO standard in existence is to measureathéow resistivity’. For this parameter,

522 the in-laboratoryrepeatability is high & A =1%). However, thereproducibility is reduced
523  considerably to &g, ,=10% for a common poreelastic material(material A) andto

924 &g, =37% foramaterialwith high airflow resistivity(e.g. material C)

525 The values of thenterlaboratory standard deviation determined in our experinfeglgight
526 the presence of systematic errors between laborateriesh may bedue to the absence of
527 periodic calibration of the static pressure transducEns procedure isot includedin the
528 1SO 903 standardl This omission suggests thatrevision 6 the ISO 9053 standardis
529 desirableto reduce errors in the airflow resistivity measuremedte recommendation is to
530 introduce a standardized porous sample with known and well predicted flowvitgsis
531 Modern methods of 3D printing enableanufacturig of samples with highly reproducible
532 porous structure and dimensions which enable the samgiein the flow resistivity tube
533 perfectly.

534 Themeasuremenif openporosity ofporo-elasticmaterials is notlescribedoy any standard
535 In this paper, thésothermal compression of volur(®oyle's law)method (ref[9]) was used

536 by participating partner§-4 to measure the porosityhe results showan excellent internal

537  repeatabilitys, ,<1.1%. Thereproducibilityerroris &g, ,< 9%. Partner Gusedthe ultrasonic

538 reflectionmethod(ref. [10]), which seems tanderestimatéhe porosity systematically by up
539 to45%in the case of material Gee Figure®).

540 Similarly, the measuremenof tortuosity and characteristic lengthf porous medids not

541 described by any standarth this work some of the partners useatoustical inversion
542 methodsto determine thesparametes'®*°. The reproducibility was relatively poor because
543 of largedispersionin the tortuositywas observed in the case of material A considerable
544  dispersionin theresultswas observedAs a general conclusion for such parameters, when a
545 direct measurement method was appéedrswere lowerthan15%. On the contraryhe use
546 of inverse method could lead éororswhich could reach up to 80 %hese findings suggest
547 that new standards are needed to define procedures for measucértiemtrebted pore

548 structureparameters of porous media.
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