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ABSTRACT:

The open porosity of air-saturated acoustical porous materials is estimated from the low-frequency or high-
frequency asymptotes of the real part of the dynamic bulk modulus. Combining this technique with the estimation of
the static air-flow resistivity from the low-frequency asymptote of the imaginary part of the dynamic mass density
and the analytical inversions of the remaining parameters from the dynamic mass density and bulk modulus [meth-
ods introduced by Panneton and Olny, J. Acoust. Soc. Am. 119(4), 2027-2040 (2006) and Olny and Panneton
123(2), 814-824 (2008)], this work estimates all six parameters of a Johnson-Champoux-Allard-Lafarge model from
impedance tube measurements. A classical two-microphone impedance tube, as well as three- or four-microphone
tubes, can be used for these measurements and estimations. Examples of applications and limits of the method are

presented and a tool to estimate the open porosity and the static air-flow resistivity is made available online.
© 2020 Acoustical Society of America. https://doi.org/10.1121/10.0002162

(Received 30 April 2020; revised 18 September 2020; accepted 19 September 2020; published online 13 October 2020)

[Editor: Kirill V. Horoshenkov]

I. INTRODUCTION

The open porosity, defined as the ratio between the fluid
volume occupied by the connected fluid phase to the total
volume of a material, is a key parameter to describe the
sound performances of porous materials (in some models, it
is hidden as it is assumed to be close to one).

Various techniques have been developed to measure
this parameter for porous materials, in general, and acousti-
cal porous materials, in particular. An overview of these
techniques, which are mostly based on Archimedes’s princi-
ple, Boyle-Mariotte law, and, more recently, impedance
tube measurements, is presented in Sec. II.

In addition to these works on the open porosity assess-
ment, a technique has been developed for the estimation of
the five remaining parameters of the Johnson-Champoux-
Allard-Lafarge (JCAL) model'™ (see Ref. 4 for an overview
of the complete model). This technique, introduced by
Panneton and Olny’ and Olny and Panneton,® is based, using
an impedance tube, on the measurements of the dynamic
mass density and the dynamic bulk modulus.”* This method
is described in Sec. III.

Reworking a technique for the estimation of the open
porosity estimation from impedance tube measurements and
combining it with works by Olny and Panneton, we propose
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a technique for the estimation of all six parameters of the
JCAL model from impedance tube measurements. The nov-
elty of this work lies in the fact that only one apparatus
(among the most widespread in acoustic laboratories and pro-
viding extra information, such as the measured normal sound
absorption and normal surface impedance, at no extra cost),
working at audible frequencies, is used to estimate six param-
eters. This operation is performed in four steps, as described
in Sec. I, instead of using a global minimization. The list of
the estimated parameters is reported in Table I together with
the quantities from which the parameters are estimated.
Applications of this technique are presented in Sec. IV.

A tool to estimate the open porosity and the static air-
flow resistivity is made available online.”

Il. OPEN POROSITY ASSESSMENT

A brief overview of the methods used to assess the open
porosity in acoustical porous materials is first presented. An
issue encountered with materials having multiple scales of
porosity is then discussed, as well as a technique introduced to
deal with this issue. In Sec. I B, this technique is used to esti-
mate the open porosity of acoustical materials in general.

A. Overview of the open porosity measurement
or estimation techniques

Numerous methods have been developed to measure or
estimate the value of the open porosity of materials. This
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TABLE I. Parameters of the JCAL model and the quantity from which they can be estimated. K denotes the complex dynamic bulk modulus, p is the com-
plex dynamic mass density, Re is the real part of a quantity, and Im is the imaginary part of a quantity.

Parameter Symbol Units Estimation from

Open porosity” ¢ Low- or high-frequency asymptote of Re(K)
Static air-flow resistivity a Nsm* Low-frequency asymptote of Im(p)
High-frequency limit of the

dynamic tortuosity” oo p

Characteristic viscous length A m p

Characteristic thermal length A m K

Static thermal permeability kj, m? K

“Often referred to as porosity while not being always equivalent.
Often referred to as tortuosity.

section provides a brief and non-exhaustive overview of
these methods. In geophysics, the methods to measure or
estimate the open porosity are usually based on
Archimedes’s principle, saturating the pores by a fluid like,
for example, mercury (see, e.g., Ref. 10). For acoustical
porous materials (usually exhibiting only one fluid phase,
air, saturating the solid phase), Beranek published a first
method in 1942 (Ref. 11), based on the Boyle-Mariotte law.
This method is suitable for materials characterized by a high
open porosity (often 90% or more) and pore dimensions
between 10 to 1000 um (i.e., the same size as the viscous
and thermal boundary layers for hollow cylinders in the
human audible frequency range). The method was further
refined in 1991 by Champoux et al.,'* who published the
scheme of an apparatus, including a reservoir to isolate the
apparatus from atmospheric pressure fluctuations, a piston
with a micrometer drive for multiple point measurements,
and an air-based differential pressure transducer.

Some other variants of Archimedes’s principle or the
Boyle-Mariotte law have been proposed by different
authors, most often to simplify the method and reduce the
measurement times or the costs of previous methods (see,
e.g., Refs. 13-16).

To date, all the methods referred to above have been
successfully used worldwide on thousands of materials with
only one important point to notice: the measured open
porosity includes the volume of pores with diameters below
1 ym [which can represent a porosity up to 0.7 (Ref. 17)] but
which have a negligible contribution to the acoustic flow.
This point, which is one of the motivations of our work, will
be discussed later on.

Other techniques to assess the open porosity include
optical methods (see, e.g., Sec. 3.2.4.2.3 in Ref. 18), in par-
ticular, computed tomograph scans, or methods based on
pulse reflection and/or transmission with signal post-
processing at ultrasonic frequencies. In 2003, as an example
of the pulse method, Fellah er al.'® proposed a technique
based on the measurements of the reflection coefficients for
two oblique incidences. The reflected waves are approxi-
mated by the waves reflected at the first air—porous inter-
face; in other words, the method gives information on the
“areal” porosity, i.e., at the interface between the material
and the surrounding fluid (this areal porosity might differ
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from the volumetric porosity due to foaming process, grav-
ity, crumbling, etc., which can lead to a stratified material or
material with gradually varying properties). In 2005,
Umnova et al.*® proposed another method at ultrasonic fre-
quencies. As in the work by Fellah er al.,'"® this method
gives estimations for both the tortuosity and open porosity.
This time, though, both reflection and transmission measure-
ments are applied on thick samples of rigid porous materials
consisting of large grains or fibers with a mean pore size or
mean characteristic size of several millimeters.

In the audible frequency range, and in an impedance
tube, the first work, to our knowledge, was proposed by
Sellen®! in 2003 with an estimation of the open porosity ¢
from the low-frequency asymptotes of the acoustic admittance
Y (note that the ¢/ time convention is used in this article),

¢ = lim ﬁIm(Y)7 (1

where @ denotes the angular frequency in Hertz. 4 is the
thickness of the tested material sample in meters, P is the
atmospheric pressure in Pascal during the measurements,
and Im denotes the imaginary part of a complex quantity.
One drawback of this method, pointed out by the author in
Ref. 21 (see p. 88 or p. 104) and others® is its low accuracy
for materials with high open porosity (from 80% and above)
due to a limited resolution of the admittance values.

Facing issues assessing the open porosity that only con-
tributes to the acoustical flow of materials with multiple
scales of porosity, some authors found this quantity could be
estimated from the low- or high-frequency asymptotes of
the dynamic bulk modulus K.**72® We suggest to name this
open porosity that participates in the acoustical flow in
multi-scale porous materials the “effective open porosity.”

In previous works, impedance tube measurements were
performed in addition to direct measurements based on
Archimedes’s principle or the Boyle-Mariotte law except in
the works by Venegas and Umnova®* and Venegas,25
involving activated carbons that support adsorption and
desorption for which the direct porosity measurements could
provide effective porosity values much larger than one.

These works, based on impedance tube measurements,
were all applied to materials with multiple scales of poros-
ity: double-porosity mineral foams in Ref. 23, double-
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porosity granular materials in Refs. 24 and 25, or fibrous
materials made of natural hollow fibers in Ref. 26, with an
exception being® where it was also applied to a single
porosity granular (see pp. 83 and 84).

The motivation behind these impedance tube measure-
ments was to identify which part of the open porosity partici-
pates with the acoustic flow, i.e., the effective open porosity.
Indeed, direct measurements, based on Archimedes’s principle
and the Boyle-Mariotte law, can measure the porosity in a con-
nected network of pores with pores having a characteristic
dimension on the order of 1 um or less. While this specific
“micro” porosity does not participate in the acoustic flow, it
can, however, be important for thermal exchanges or adsorp-
tion/desorption effects.

Note that most three-dimensional (3D) printed materials
available today faced this double-porosity issue as the print-
ing resolution, usually around some micrometers for poly-
mers, implies a micro porosity, in addition to the designed
and targetted “meso” porosity.

B. The proposed methodology and its limitations

The proposed methodology is equivalent to the one
described to deal with materials exhibiting multiple scales
of porosity with one scale having a characteristic length on
the order of 1 um or less. However, we will apply it, here, to
porous media with a single porosity scale.

The low- and high-frequency asymptotes of the real
part of the dynamic bulk modulus are, respectively,

. Py
lim Re(K) = s 2
. _ P
(UE’TOO RG(K) o (,Zs ’ 3)

where 7y is the ratio of the specific heats of the fluid saturat-
ing the pores of the material.

Equations (2) and (3) show that the open porosity ¢
affects the low- and high-frequency asymptotes of the real
part of the bulk modulus of a material. Thus, measuring the
bulk modulus of a material with an impedance tube (see
Sec. IITA) and identifying its low- or high-frequency
asymptote allows for the estimation of the open porosity ¢.
Note that it is usually not possible to observe both asymp-
totes with a unique, classical, impedance tube (as it would
require a tube with a small diameter—while being large
enough to ensure the sample is representative of the mate-
rial—and a large spacing between the upfront microphones).

lll. ESTIMATIONS OF ALL SIX JCAL PARAMETERS

Using the method described in Sec. II B and the works
published by Panneton and Olny and Olny and Panneton,>°
it is, thus, possible to estimate the six parameters of the
JCAL model. These parameters and the way they can be
estimated are reported in Table I.

The characterizations of these six acoustical parameters
rely on a four-step method:
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(1) Measurement of the dynamic mass density and bulk
modulus (see Sec. 11 A),

(2) estimation of the open porosity following the method
described in Sec. II B,

(3) estimation of the static air-flow resistivity following the
work by Panneton and Olny,’ and

(4) estimation of the four remaining parameters following
Panneton and Olny.s’6

A. Measurement of dynamic mass density and bulk
modulus

The dynamic mass density and bulk modulus of a
porous material can be measured from various impedance
tube configurations. We refer the reader to the works pre-
sented in Table II for detailed descriptions of how to mea-
sure these quantities, depending on the configuration.

Note that the dynamic mass density p (kg m ) and the
dynamic bulk modulus K (Pa) are linked to the characteristic
wavenumber k (mfl) and the characteristic impedance Z.
(N's m73; used in some references of Table II alternately to
p and K) by the following relations:

— . P
k—w\/;, 4

Zo = \/pK, 5)

Z.k
p=—", (6)
w
0]
K = 7
r (N

While these latter intrinsic quantities describe the mate-
rial at specific pressure and temperature conditions, it is usu-
ally preferable to extract the intrinsic parameters leading to
these quantities by following a model like JCAL to get more
insight of the dissipation mechanisms inside this material.

B. Estimation of the static air-flow resistivity

In 2006, Panneton and Olny” proposed a method to esti-
mate the static air-flow resistivity ¢ from the imaginary part
of the dynamic mass density p,

o = lim —wIm(p). 8)

w—0

TABLE II. Methods available to assess the dynamic mass density p and
dynamic bulk modulus K of porous media from impedance tube
measurements.

Method Reference(s)

Two microphones, two thicknesses Smith and Parrott (Ref. 35)
Utsuno et. al. (Ref. 34)
Iwase et al. (Refs. 30 and 36)
Salissou and Panneton (Ref. 37)
Salissou et al. (Ref. 38)

Song and Bolton (Ref. 39)

Two microphones, two cavities
Three microphones, rigid backing

Three microphones with cavity
Four microphones

Jaouen et al.
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This method, tested on numerous materials and by sev-
eral characterization laboratories, now appears in the infor-
mative appendix of ISO 9053-1.7

C. Analytical inversion of the four remaining
parameters

The main topic of the works by Panneton and Olny>*°
was the estimation of the four parameters which remain to
be estimated: the high-frequency limit of the dynamic tortu-
osity (term often simplified to simply “tortuosity”) o, the
viscous characteristic length A, the thermal characteristic
length A’, and the static thermal permeability kj. These esti-
mations are done by analytical inversions of the expressions
of p and K given in the JCAL model.

Indeed, for the JCAL model, p and K are

%o Do o Ao npyw
w) = 1+ - TEMPOB (g
A== o | nzgr |
yPo/ P
K(w>: 1
. ¢xK A2 C,pow
y= (=1 | 1-j5 o
koCppow kA
(10)

where pg is the density at rest of the fluid saturating the
pores (kg m ™), 1 is its dynamic viscosity (N s m~2), Cpis
its specific heat at constant pressure (J kg~ ' K™'], and « is
its thermal conductivity (W m K.

The four remaining parameters can, therefore, be esti-
mated from previous knowledge of the open porosity ¢ and
the static air-flow resistivity o as

Ooe = 2 (Re(p) —/[Im(p)]” - az)»

o e (11)
_ %o [ 21po N

A= o \[oIm(p) [tocpo /¢ — Re(p)], (12)

, dx Py — K 1°

ko = C,,pow/ —Re([iypqum} ) (13)

A =2, Im| | 2P0 = 9K . 14)
"\ G | L’PO N V¢K} (

Note that the estimations of the four remaining parameters
are not based on asymptotic behaviors for p or K and should be
valid in the whole frequency range of use of an impedance tube
following ISO 10534-2 (Ref. 28), assuming that none of the
effects discussed in Sec. V affect the measurements of p and K.

IV. APPLICATIONS

To illustrate the six-parameter characterization method
described above, two examples are reported below: one with
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TABLE III. Parameters of the JCAL model and their standard deviations
estimated using the method described in this work for the two tested
materials.

Parameter Symbol Units  Material | ~ Material 2
Open porosity ¢ 0.99 £0.01 0.88 = 0.02
Static air-flow resistivity 4 Nsm™* 2900 + 100 28100 * 1700
High-frequency limit of the

dynamic tortuosity oo 1.01 £0.01 1.82*0.24
Characteristic viscous length A 10°m 200 + 11 55*4
Characteristic thermal length A’ 10°m 896 * 54 105 = 13
Static thermal permeability &, 107 '"m? 140 + 17 22+9

a material of open porosity estimated to 0.99 * 0.01 and a
second for a material with a lower porosity estimated to
0.88 = 0.02. The measured open porosities for these materi-
als, following the direct measurement technique described
by Champoux er al.'? [i.e., ISO 9053-1 (Ref. 27)], were
0.99 = 0.01 and 0.87 = 0.02, respectively. Obviously, the
small deviation between the measured and estimated values
for the second material has no noticeable impact on the
other parameters. The complete set of parameters for these
materials, obtained using the method described in this work,
are reported in Table III.

The measurements have been performed with three-
microphone impedance tubes of inner-diameters 29 mm
(material 1) and 46 mm (material 2). For both tubes, the dis-
tance between the two up-front microphones was 20 mm.
The tube with an inner-diameter of 46mm has a high-
frequency limit for the validity of the measurements around
4300 Hz (where the effects of the first non-planar acoustic
mode propagation are no longer negligible). The high-
frequency limit of the 29-mm inner diameter tube is theoret-
ically around 6400 Hz, but only results up to S000 Hz are
reported as effects of the first non-planar acoustic mode of
propagation can already be observed at 5000 Hz (see Fig. 1
or Fig. 5, for example). The microphone spacing explains

Real(K)/ Py
2 -
~/0.99
1 [ —
é = 0.99 + 0.01

0.5
0 L
10° 10°

Frequency [Hz]

FIG. 1. (Color online) Material 1 (grey). The real part of the dynamic bulk
modulus (K) normalized by the static pressure during measurements Py
(101000 Pa) as a function of the frequency. Shown in dashed red is the esti-
mation of the porosity in the frequency range identified in green.
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, Real(K)/ Py
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0.5
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107 10°
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FIG. 2. (Color online) Material 2 (grey). The real part of the dynamic bulk
modulus K normalized by the static pressure during measurements P,
(101 500 Pa) as a function of the frequency. Shown in dashed red is the esti-
mation of the porosity in the frequency range identified in green.

the noise observed in Figs. 1 and 5 at frequencies below
150-200 Hz.

A. Estimations of the open porosities

The real part of the measured bulk modulus, normalized
with the static atmospheric pressure during test P, is plotted
as a function of the frequency for each material in Figs. 1
and 2.

One of the two asymptotes reported in Sec. II B has to
be identified by the experimenter for the estimation of the
open porosity. Here, a frequency range is identified, in
green, where the asymptote is supposed to be reached. From
this frequency range, a mean or mode value for the open
porosity can then be estimated, as well as a confidence inter-
val (here, the standard deviation).

In Fig. 2, the low-frequency asymptote is used to esti-
mate the open porosity, whereas in Fig. 1, the high-
frequency asymptote is used. To clearly identify these
asymptotic regimes, log-scales for abscissas are used in
Figs. 1 and 2.

B. Estimations of the static air-flow resistivities

The estimations of the static air-flow resistivities for
both materials are done using the low-frequency asymp-
tote of the imaginary part of the dynamic mass density
[see Eq. (8)].

Figures 3 and 4 show the frequency ranges for each
material, in green, where the asymptotes are supposed to be
reached. From a frequency range, a mean or mode value for
the static air-flow resistivity can then be estimated, as well
as a confidence interval (here, again, the standard
deviation).

The estimation of the static air-flow resistivity ¢ for
material 1 (Fig. 3) is done between approximately 750 and
1050Hz as the lower frequencies are impacted with
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1 ]

o = 2900 + 100
N.s.m 4

10°
Frequency [Hz]

FIG. 3. (Color online) Material 1 (grey). The imaginary part of the dynamic
mass density (p) normalized by the mass density of air at rest py (1.2kg
m %) as a function of the frequency. Shown in dashed purple is the same
quantity estimated using Eq. (8) with the mean value of the static air-flow
resistivity ¢ obtained in the highlighted frequency area.

vibrations of the material skeleton (also known as Biot reso-
nances). A Biot resonance is also observed, to a lesser
extent, on the dynamic bulk modulus (see Figs. 1 and 5).

C. Estimations of the four remaining parameters
for each material

Figures 5 and 6 show the real and imaginary parts of
the dynamic bulk modulus and dynamic mass density,
respectively, for material 1, together with the simulations of
these quantities with respect to the JCAL model using the
parameters reported in Table III. The remaining parameters

[ Imag(p)/po

10°
Frequency [HZz]

FIG. 4. (Color online) Material 2 showing the imaginary part of the
dynamic mass density (p) normalized by the mass density of air at rest pg
(1.2kg m ™) as a function of the frequency. Shown in dashed purple is the
same quantity estimated using Eq. (8) with the mean value of the static air-
flow resistivity ¢ obtained in the highlighted frequency area.
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3000 4000 5000
Frequency [Hz]

1000 2000

FIG. 5. (Color online) Material 1 (grey). Measurements of the real (top)
and imaginary (bottom) parts of the dynamic bulk modulus (K) normalized
by the static pressure P (101 000 Pa) as a function of the frequency. Shown
in dashed blue and dashed purple are the same quantities estimated using
the material parameters reported in Table III.

have been estimated using the analytical inversions pro-
posed by Panneton and Olny and Olny and Panneton.>®
Good correspondences are observed between measurements
and simulations (except in the frequency range where a Biot
resonance occurs).

Figures 7 and 8 show the real and imaginary parts of
the dynamic bulk modulus and dynamic mass density,
respectively, for material 2, together with the simulations of
these quantities after estimations of the remaining parame-
ters (again following the works by Panneton and Olny and
Olny and Panneton™®). The mean values of the parameters,
together with their standard deviations, are reported in Table
III. Again, a good correspondence is observed between

. Real and imaginary parts of p/po

3000 4000 5000
Frequency [Hz]

2000

1000

FIG. 6. (Color online) Material 1 (grey). Measurements of the real (top)
and imaginary (bottom) parts of the dynamic mass density (p) normalized
by the mass density of air at rest po (1.2kg m ™) as a function of the fre-
quency. Shown in dashed blue and dashed purple are the same quantities
estimated using the material parameters reported in Table III.
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5 Real and imaginary parts of K/ Py

==

3000 4000 5000
Frequency [Hz]

1000 2000

FIG. 7. (Color online) Material 2 (grey). Measurements of the real (top)
and imaginary (bottom) parts of the dynamic bulk modulus (K) normalized
by the static pressure Py (101 000 Pa) as a function of the frequency. Shown
in dashed blue and dashed purple are the same quantities estimated using
the material parameters reported in Table III.

measurements and simulations for this material and with
these parameters.

V. DISCUSSION

The method described in this work and the accuracy of
the estimated parameters obviously depend on the measured
mass density p and bulk modulus K.

Different effects can influence the characterization
process.

* The boundary conditions can influence the overall behav-
iors of p and K. Leakages around the material sample in
the tube can create double-porosity effects,” which will
modify p and K. Vibrations of the material skeleton (i.e.,

0Real and imaginary parts ofp/po

-40 |

1000 2000 3000 4000 5000

Frequency [Hz]

FIG. 8. (Color online) Material 2 (grey). Measurements of the real (top)
and imaginary (bottom) parts of the dynamic mass density (p) normalized
by the mass density of air at rest py (1.2kg m ™) as a function of the fre-
quency. Shown in dashed blue and dashed purple are the same quantities
estimated using the material parameters reported in Table III.
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its solid phase) will also have an impact on the measured
p and K. Thus, it is important to avoid or reduce such
effects, as discussed in ISO 10534-2 (Ref. 28), concerning
leakages or adding nails to the material sample as
described in Ref. 30 to reduce or shift the frequencies of
the frame resonances, or to extract the parameters from
frequency ranges not affected by the boundary conditions.

* The accuracy in the estimations of ¢ and ¢ influences the
other parameters. Indeed, ¢ is needed to estimate A’ and
k(’), whereas ¢ and o are needed to estimate o, and A (see
Sec. I C).

From measurements on nearly a hundred materials
(foams, granular materials—from assembly of polymer
spheres to road pavements, compressed or not compressed
fibrous, including felts), it appears the proposed estimation
method for the open porosity has a standard deviation
dependent on the porosity value of a material. For high
porosity materials (¢ > 0.90), its standard deviation is usu-
ally 2% compared to 1%—2% for the direct measurement
based on the method by Champoux et al.'* For low porosity
materials (¢ < 0.90), its standard deviation is usually 5%
compared to 2%—5% for the direct measurement based on
the method by Champoux et al. The standard deviations of
the direct measurements are extracted from inter-laboratory
tests, in particular, the one by Pompoli er al.,>' published in
2017.

Concerning the resistivity, the uncertainty greatly
depends on the nature of the material and a generalized
value for the standard deviation is not easy to define. From
the materials tested by the authors, it appears that the stan-
dard deviation for the resistivity is around 5%-20% (as the
standard deviation for direct measurements observed in Ref.
31, excluding results obviously irrelevant).

Concerning the four remaining parameters, works are
still in progress to observe if generalized values can be
defined.

Finally, one should note that to obtain a fair signal-to-
noise ratio when measuring the quantities p and K, it might
be necessary to increase or decrease the thickness of the
tested sample. An alternative method for material samples
with a small thickness has also been proposed to charac-
terize facing screens or perforated plates (which can be con-

sidered as thin porous materials™>).

VI. CONCLUSION

A method for the characterization of the six acoustical
parameters of the JCAL model has been presented. It
requires the use of only one device: an impedance tube
(with two-, three-, or four-microphone positions by measur-
ing the dynamic mass density p and the dynamic bulk modu-
lus K). This method is not based on any numerical
inversions but relies on analytical calculations of the param-
eter values from measured p and K and the identification of
two of their asymptotic behaviors.

This method offers the following:
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* a validity check compared to direct measurements of the
open porosity and the static air-flow resistivity when these
quantities can be directly obtained,

* estimations for these quantities when they cannot be
directly measured (i.e., when material samples do not ful-
fill the direct measurement requirements) and allows the
complete characterization of the material.
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