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Acoustical properties of double porosity granular materials
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Granular materials have been conventionally used for acoustic treatment due to their sound absorp-
tive and sound insulating properties. An emerging beld is the study of the acoustical properties of
multiscale porous materials. An example of these is a granular material in which the particles are
porous. In this paper, analytical and hybrid analytical-numerical models describing the acoustical
properties of these materials are introduced. Image processing techniques have been employed to
estimate characteristic dimensions of the materials. The model predictions are compared with meas-
urements on expanded perlite and activated carbon showing satisfactory agreement. It is concluded
that a double porosity granular material exhibits greater low-frequency sound absorption at reduced
weight compared to a solid-grain granular material with similar mesoscopic characteristics.
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I. INTRODUCTION little information about the microstructure inBuence on the
acoustical properties. In an attempt to overcome these difbcul-

Properties of granular materials are of great importance. . . : . .
. . : . Ties and provide practical expressions to work with, empirical
in many areas of acoustics and noise control. This paper is .
. : . models have been proposed by Voronina and Horoshetfkov.
focused on the acoustical properties of double porosity granus o : .
: : ; . hey have measured Bow resistivity, porosity, and tortuosity
lar materials, i.e., packings of porous particles. The study o

L . and btted the so-called structural characteristic to predict
the long-wavelength sound propagation in porous media has o : .

: L L .. __sound propagation in granular materials such as perlite, ver-
mainly been focused on estimating two intrinsic quantities

. o —_ - 'miculite, and granulate nitrile. An empirical model has, how-
i.e., the characteristic impedance and the wave nurhBést ever, limited predictive power and does not provide an

investigated the problem of elastic wave propagation in a stai linderstanding of the material morphology inRuence on the

istically isotropic porous elastic solid saturated by a viscous coustical properties. A microstructure-based approach over-

Buid and found that two dilatational waves, a slow and a fasf o X
comes these problems. It requires information about the mate-

wave, and one rotational wave can propagate in the medium, . .
: ) ; . cElal structure such as particle shapes, sizes, and arrangement
In this paper, only the slow wave is considered as the soli

and relies on solving the oscillatory Buid Bow and heat con-

frame is assumed to be motionless. A widely accepted semi; . . X
uction problems in a representative geometry. Chapman and

phenomenological model for the acoustical properties OHigdorﬂl have calculated dynamic viscous permeability of

materials with a single pore size or narrow pore/grain size dis- : . S ,
Lo . . . monodisperse arrays of spheres arranged in periodic lattices.
tribution, i.e., single porosity materials, has been proposed b

12 ~ A
Johnsoret al® and Lafargeet al,* and improved by Pridet YJmnove}et al=have extended the Ocel] modelO approach _to
5 . . calculating the drag parameters of packing of spheres consid-
al.” and Lafarge: These models make use of scaling funCtlonserin a geometrically justiped outer cell radius. These authors
that correctly match the low- and high frequency limits of the gag y) '

o : have also provided expressions for dynamic bulk modulus
dynamic viscouSand thermdl permeabilities, and rely on in- . L .
based on a mathematical similarity between the oscillatory

dependently measurable macroscopic parameters; namely, PRLid Row and heat conduction problefds
rosity, static viscous and thermal permeabilities, static viscous The homogenization of pperiodic. media thett{s

and thermal tortuosities, tortuosity, and viscous and therma{HPM) has been applied by Gasseral’® to numerically
characteristic lengths. Allarét al® have measured most of olve the boundary value problems ai different scales and

these macroscopic parameters for a random packing of beac(:}%lculate both the macroscopic material parameters and the

and found good agreement between the model prediction an . . . .
measured data. Asdrubali and Horoshelkoave used a acoustical properties of a face-centered cubic (fcc) packing

. L . of spheres. A similar work, based on numerical HPM, has
rational Paeke approximation to model sound propagation

through expanded clay granulate. This modeling approacllnjeen DUb“She.d by Leet al™" for simple cubic, body
: : centered cubic (bcc), fcc, and hexagonal close-packed
assumes that the material possesses capillary pores whose size . . ; :
T . > U=~ Sgtrays. Boutin and Geindre¥lhave proposed analytical esti-
distribution is log-normal. However, the pore size distribution o L .
: . mates of dynamic viscous permeabilities for granular media
of expanded clay may be better described as multimodal. The _. . .
. . . . tsing a combined HPM and self-consistent approach. The
main drawback of these approaches is the difbculty in " . . .
. . description of the acoustical properties of granular materials is
measuring the model parameters. Moreover, they provide . ; ; .
completed with an analytical expression for dynamic thermal
permeability also derived by these authbts.
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low frequency sound. In these materials, two Ruid networks i . Mesoscopic scale (7)

. .. . . . acroscopic scale REV, p
with well-separated characteristic pore or inclusion sizes cat e e T £
be identibed. The equations for sound propagation in doubls oo b rg‘f’v am
porosity materials have been derived by Auriault and B&tin RIS B ]
and Boutinet al?* using HPM. It has been pointed out in a
later worké? that the material properties strongly depend on
the ratiogy between the characteristic size of the microscopic
scalel, and that of mesoscopic scdlg At moderate inter-
scale ratio values, e.g Yaln=lp 10 1 the two Ruid net-
works strongly interact and infRuence both the macroscopit
Buid Bow and heat conduction. This case is usually referred t
as low-permeability contrast. Materials with this property
have been experimentally and theoretically investigated by
Pispola et al®®> For small interscale ratio values, e.g.,
& 10 3, the macroscopic Row is determined by the meso-
scopic Ruid network. The dynamic bulk modulus is modibed
due to pressure diffusion effects in the microdomain. This
leads to an additional dissipation term which depends on the
mesoscale geometry and the microdomain characteristic§lG. 1. Three scales of the double porosity material (adapted from2Ref.
This effect is specibc to double porosity materials and has
been experimentally conbrmed for perforated porous p#hels
and for porous materials with porous inclusiénis. be satisbed, e.gg¥l,=L 1 ande Y4ln=lp, 1. The ex-

In this paper, the acoustical properties of double porosistence of the representative elementary volumes RBYm

ity granular materials, i.e., packings of porous particles, areand REVpX, can then be ensured provided that the condi-
investigated both theoretically and experimentally. The pations on the interscale ratios are fulblled. The mesoscale and
per is organized as follows. In Set. the wave equation microscale porosities art, ¥a Xp=Xp and/ n, ¥a Xm=Xm,
describing sound propagation in double porosity materials ofespectively, wher&j is the open voids/pore volume ag
arbitrary geometry is presented. The calculations of thds the volume of the REVs. Here and in the following
dynamic density and bulk modulus are outlined. In Séc. ivip;m. The overall porosity of the material is given by
the general theory is applied to packings of identical poroug ,, v4/ oP 1 [,/ The subscriptlb denotes a double
spheres. Experimental validation of the models and discusporosity quantity from now on.
sion are presented in Seldl. Measurements on both low- The wave equation for acoustic pressyrén a rigid-
and high-permeability contrast granular materials (expande¢tame double porosity material is given¥y
perlite and activated carbon, respectively) are reported as

Micro-porous
domain

Pores Q ﬁ7

_..': Micro-pores Q fin

Microscopic scale
REVm Qm

well as the methods used to estimate their structural charac- ixp KapdX P v, 0: 1
teristics. The main Pndings are summarized in $éc. KagpX P rp 7% @)
Il. THEORY Time dependence in the forgi! is assumed. Herg is the

dynamic viscosity andg, and kq, are the dynamic bulk

modulus and dynamic permeability of the double porosity

material. The latter becomes a scalar quantity for isotropic
Following Refs.20ER2, three scales can be identiPed media, i.e.,kqp Y4 kaol, Wherel is the unitary second-rank

and used to describe sound propagation in a rigid-frame douensor. The way of calculatingg, and kg, depends on the

ble porosity granular material saturated by a Newtoniarvalue of the interscale rati@. Whene 10 3 a high-

Ruid, e.g., air. They are schematically shown in HigThe  permeability contrast is achieved and the pores in the par-

macroscopic characteristic size is associated with the ticles have negligible contribution to the macroscopic RBuid

sound wavelengtk in the material & L % Odk=2pj PThe  Row. In this case, the dynamic permeabilky, coincide$?

characteristic sizg, is determined by the size of the mesohe- with that of a packing of solid particles, i.e.,

terogenities, which in the case under study corresponds to

the particle size. The characteristic sizgis determined by KX PYkpdX PP 1 /5 kX P kpdX B (2)

the size of the pores within the particle. This characteristic

size is assumed large enough so that the saturating Buid igherek, andkn, are the dynamic permeability tensors of the

continuously distributed throughout the space it occupiesmesoscopic and the microscopic domains, respectively.

Rarefaction effects are therefore neglected. However, it has  The dynamic bulk modulus for a material with high-

been shown that these effects do not change the form of theermeability contrast is given B§

macroscopic isothermal acoustic description in sifiyend

doublé’ porosity materials but the way the effective quanti-

A. Sound propagation in double porosity
materials—Overview

Y

. . 1 1/ Po X

ties are calculated. To model the material as a homogenous Kgy3 P ¥4 IJJ PRy — o ; (3)
. . . . KpdX Km&X P | W Km®X P

equivalent Ruid, the separation of scales assumption should
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whereK,, andK, are the dynamic bulk moduli of the meso- In addition, the sound propagation in the microscopic do-
scopic and microscopic domain, respectively. These can bmain has been assumed isothermal [this also implies replac-
expressed in terms of the dynamic thermal permeabilkﬁes ing Km&x Pby Po=/ ,, in Eq. (3)], and in a viscous regime.

andk? ag' The pressure in the microscopic domain is not uniform and
governed by a diffusion equation with boundary condition
K. 1, cPo A LI @D 1_ 4 imposed by pressure in the mgsoscopic dorfaifhis prop—
AT ¢ X P ) lem can be also formulated in terms of the periodic

dynamic pressure diffusion distributi@has

whereqy is the gas densityC, is the specibc heat at constant

pressurej is the thermal conductivity, andis the adiabatic /

constant. DD jxg —"kyiD% 1in XspandD%0onCsy (9)
In the case of low-permeability contrast, eg., 10 1, Po

the dynamic permeability of the double porosity material is

given, in a brst approximation, by a parallel Row motfel. Pressure diffusion functiobdx bis then calculated by aver-

Hence, the dynamic permeability of the microscopic domainaging the solution over the solid phase of the REVp as

kmdX bin Eq. (2) cannot be neglected. This expression holds

for mesoscopic geometries with straight pores or &fitfhe D E 0

dynamic bulk modulus under low-permeability contrast con- ~ D& P% D %o~ DdX (10)

dition is obtained by replacing the functioRy by 1 in P X

Eq. (3). The way of calculating the dynamic viscous and

thermal permeabilities and the functié is now detailed. This completes the direct approach. All the quantities can be
The Ruid Bow at the microscopic and mesoscopic levelgalculated from their debnitions for every frequency of inter-

is described by an oscillatory Stokes forced problem withest. This could, however, require a signibcant amount of

no-slip boundary condition oiCs;. This problem is linear computation time when dealing with realistic geometries. To

and can be written in terms of th§ periodic dynamic per- overcome this problem, one can use scaling functions that

meability Peldk; and the zero mean value presspras’ correctly match the low- and high-frequency asymptotics of
the dynamic permeabilitiesbulk moduli® and pressure dif-
ix Okipr p Dk %l in Xg: (5)  fusion function® In this way, the acoustic description is
reduced to solving three static problems per scale and one
r ki %0in X5;andk; ¥ 0 on Cq;: (6) for the pressure diffusion function. The form of the scaling

functions is the same for all of the abovementioned quanti-
The dynamic permeability is then calculatep) big averagingties and is the following:
the solutiog) over the REV as kix P% k;  with

hijva8l=X; b, ~ dX. For isotropic microscopic media it _ S _ M o
becomesk; ¥4 k. . Hid P¥lo 1 PipPy 1p 2 21

The thermal exchanges between the saturating Ruid and X1 Xii 2Pf,
the solid matrix are described by an oscillatory heat conduc- (12)

tion problem with isothermal condition applied @y;. This

linear problem can be written in terms of the periodic  The symbolH is used to represent viscous, thermal or pres-
dynamic thermal permeability distributidq as follows?* sure diffusion quantities and the subscriptindexes the
characteristic frequencies, ; and shape factordl, ; andP
accordingly. For viscosity related quantitids; Y2k and

U Yav with Py YaMyi=43g=aq i 1b My; ¥ 8kgay i=/ KZ,

) ) . and the viscous characteristic frequency debned as
The dynamic thermal permeabilities of the microdomains, vi Y49l ;=koiay (0. For temperature related quantities

and mesodomains are then calculated by averaging the solwi K and ! Vit with Py VaMy=4 &9 1

. - i - /| 1

tion of Eq.(8) over the REV askféx b/ ;. _ My ¥ 8k§=/ K%, and the thermal characteristic frequency
The functloan.ln Eq. (3_) is deDr_1ed as the ratio of .the debned ax ¥ j/ ;=Cpokd. In these expressionky and

average pressure in the microscopic domain to that in thgo are the static viscous and thermal permeabilities.

mesoscopic domaiff. It is related to the dynamic pressure The static viscous and thermal tortuosities are calculated

jxq(}—q’klo Dk’%sl in Xg; andk’¥a0onCg:  (7)

- . . 2
diffusion functionD& bas as ag Yal iHéiziiH(Oiii 2 and & Y4/ ir%?iiﬁiooﬂi 2. High
/ D& b frequency tortuosities and viscous characteristic lengths for
Fad P YL jxg P—mkoéﬁi (8) isotropic maferials are gbtained frdf? /8,1 vatE; ei
0 P and Ki %42 , E; EidX= ¢ E; EdC, where the scaled

wherekon, is static viscous permeability of the microdomain electric beld (local electrical beld divided by the applied
and is calculated from the solution of E(S), (6) for x ¥40.  macroscopic potential gradient) is given B Yae r #;

In this expression, the material has been assumed isotropand#; is theX; periodic deviatoric part of an electric poten-
or just the preferential Row direction is taken into account.tial. This can be calculated from the solutiorf f
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D#; %0 in X and n r #%n e on Cg;: (12)  two possible conditions can be imposed on the stress on the
inclusion boundary. For OpressureO or static approach
The thermal characteristic length is a geometrical parameterP-estimate) the normal stress component in the Ruid
debned as twice the volume-to-pore-surface riftibe., matches the pressure in the equivalent Darcy medium. In
Ki°1/42Xﬁ:C5i. For pressure diffusion related quantities this case, the tangential velocity component does not match
Hi %D and!  ¥ad with Pq%aMq=4&y 1R Mgy % 8Do= that in the Darcy medium, as is the case for the OvelocityO or
1/, K3, and the pressure diffusion characteristic fre-kinematic approach (V-estimate). The P-estimate is consid-
quency debned asq %2 1/, Pokom=0/ ,Do. The static ered here because it is energy consistent, correct up to the
pressure diffusion parametdd, is calculated from the prst order (in terms of the expansion paramejarompared
solution of Eq.(9) for x ¥ 0. The static pressure diffusion to the macroscopic description obtained using HPM, and
tortuosity is debned &8agvs 1 / . HD2ihDei 2 and the provi_des closer agreement With numerical results for regular
0 packing of sphere¥ It results in the following expression
pressure diffusion characteristic Iengtﬁ%isd Ya2X s5=Csp. for dynamic viscous permeability:
The characteristic impedance and the wave number
are related to the dynamic densityy,& P Ygk, & Ejx, )
and dynamic bulk qmodulus &s Ko b . d (14)

eV
Z5,& b b AuKap and ¢, & P¥x qgKyl: Surface

R
impedance of a rigidly-backed material layer of thicknéss \yhere

is then calculated asZ & b Y4 jZ& cot of.d : Pressure
Zib * 1o @t G Axp Btanhixd 1H°

ref3ection coefbcientRy, and normal incidence sound CVY, : (15)
absorption coefbciersty, are given by axp btanhxd 1M
W Zo o 1 X_z X_Z :

RypX P l/ZdiW zp > and apX PY¥d jRy%:  (13) AY: 3p &dxB 1p 6 3b 1p 5 (16)
whereZ, is the characteristic impedance of air. BY: 3p &dxB 1p X_2 3bx2 1p X_2 : (17)

In summary, dynamic viscous and thermal permeabil- 2 6
ities of the microdomain and mesodomain are needed to )
model the acoustical properties of a double porosity low- a1/4} 3pdXxB 3 2 1p x b 4 :
permeability contrast material. To model materials with 3 b 6 ° costixd 1PP
high-permeability contrast dynamic viscous and thermal per- (18)
meabilities for the mesodomain, the static values of the bulk
modulus and viscous permeability of the microdomain and bv:3p bd 1K 2 1p X_2 . (19)
the pressure diffusion function are required. The analytical 2’
expressions used for modeling double porosity granular r
materials are presented in the next section. d, Y i; bv 1 1, =8, and X1/4br_gv: (20)

1GoX

B. Analytical model for double porosity granular
materials The static viscous permeability is recovered from Etg)

o . assuming that frequency tends to zéfo:
In a brst approximation, an unconsolidated double poros- g q y
! !

ity granular material can be modeled as an array of identical /2 2b 3b°
porous spheres. The pores in the spheres can be assumed cy- Kop ¥a _PZ p—s : (21)
lindrical. The mesoscopic domain is characterized by the par- 3b° b3p2b

ticle radiusrp and the intergranular porosity, %2 X=X,

while the pore radiusr, and the microporosity The corresponding dynamic thermal permeability is calcu-

I m ¥4 Xim=Xm characterize the microscopic domain. lated from the solution of an oscillatory heat conduction
First, dynamic viscous and thermal permeabilities of theproblem with isothermal boundary condition on the particle

mesodomain are calculated. Different estimates for dynamisurface and zero temperature gradient on the inclusion

viscous permeability of single porosity granular materialsboundary*? It is given by

have been deduced using HPM combined with a self-

consistent approactf. The inclusion composed of a concen- O by 1 b°p 3b bx 1p xtanhixd 1HP 1 -

trically arranged solid particle in a Buid shell is assumed to K t X2 “xp tanixd 1HP '

be surrounded by a Darcy medium. The oscillatory Row in (22)

the Ruid shell is described by a Stokes forced problem. A

boundary condition of zero velocity is applied on the particlewhere d; ¥4 P Nprdy and x; 1/4x:p Npr. The Prandlt number

surface. At the inclusion boundary, the normal velocity com-is debned abl,, ¥4 C,g .

ponents in the Buid and in the equivalent Darcy medium are  The expressions for dynamic viscous and thermal perme-

assumed equal. Following energy consistency argumentspbilities of a cylindrical pore network for the microdomain
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are calculated from the solution of EG&)E7). These are single porosity granular materials is validated brst by con-

given by ducting measurements on a packing of lead shots. Valida-
tions for both low and high permeability contrast double

k< b V4 281 GdsHp and porosity materials are performed after that. Expanded perlite

k?n v,/ mdt2 1 G p NprS (23) serves to compare predictions given by a hybrid model for

low-permeability contrast granular materials. The term
Ohybrid modelO is used in this paper if at least one of the
guantities is numerically calculated using scaling functions
/2 Jhisb P [Eq. (11)]. Two activated carbon samples are used to vali-

G3sb Ve 5 andsys .= (24)  date the model for double porosity high-permeability con-
0 1 trast granular materials. For every case, a detailed

HereJy1 are Bessel functions of the Prst kind. The static Vis_dgscrlptlon of the methods used to estimate the characteristic

cous permeability s kom ¥z %: The pressure diffusion sizes and porosities is presented.
functionDd&X bhas been analytically calculated for a packing

of identical spherical porous particles as follows. Allowing A. single porosity granular material
only for radial diffusion, Eq(9) is written in spherical coor-

where

1. Characterization

dinates as
The particle radius distribution of lead shots has been
2@, @b ., _ measured using optical granulometry. The image processing
r@P @ 1%D¥ landDr¥r, %0, (25)  consists of adjusting the contrast, converting to black and

white, and performing morphological operations to PIl the
where, the pressure diffusion skin depth is debned aholes® The processed image is then analyzed to obtain the
dg s Poem: Multiplying Eq. (25) by r2 and making the equivalent radius of each patrticle. This has been done by bt-
! mox p ting a circle with the same area as the pixel region. Figure
change of variablé 2~ jd,'r, one can obtain a nonhomo- shows the complementary cumulative distribution function
genous spherical Bessel equatiéf@D p 2f@D p f2D  of the equivalent particle radius obtained using 108 particles.
CDeo. p . 1 ) The particle radius distribution is close to normal, with a
Vo Jdgtwith D f %™ jrpd,™ ¥4 0: The general solu- oap value of , ¥, 0:5507 mm and a standard deviation of
tion of this equation & Dy, ¥ Ajo P pBy,& P jd?; where  0.0209 mm. Considering the non-perfect nature of the lead
jo; Yo are spherical Bessel functions of brst and second kinghots and that the nominal radius is 0.5 mm the agreement
of order 0. The constanB is set to zero as the solution Petween this value and the expected value of the ptted distri-
cannot be inbnite at the particle center. The coefbcleig  bution can be considered satisfactory. The bulk density of
calculated from the boundary condition a!51/4jd§ _z_ the pgcking has been measured by yveighting a sma}ll cubic
p . 1 ] . . container of a known volume blled with the shots. Using the
wherez%a" jrpdy~. Here, the |dent|t§/1. Jod P ¥sind P tapulated value of lead densityqd ¥4 11:34 glend)
was used to derive this expression. The pressurg,e porosity of the packing has been estimated as
diffusion function is then obtained by integrating /,%1 y=0s ¥20:3905, whereq, ¥ 6:9117 g/cnd is the
over the volume of the porous sphere asbulkdensity of the packing.
DX bP¥1 [, r38 3zcotzb ZBZ: The function

Fqis related toD& BEthrough Eq(8) as 2. Comparison with data
3 The sound absorption coefbcient of a lead shot layer is
Fad P /42_261 zcotz e (26)  calculated using Eq13) with dynamic viscous and thermal

permeabilities given by Eq$14) and(22). The subscriptb

Sound propagation in the microdomain has been assuméf Ed. (13) should be replaced by to relect the single po-
isothermal and in a viscous regime. In a more general case ¢pSity nature of the packing. Measured and predicted values
non-isothermal and visco-ineHiaI sound propagatian, of pressure reBe_ctlon coefpcient are shown in F3ga_)and
should be replaced by Virpx & =PoBg=jx kom BTy 3(_b) for frequencies between 150 to 6 400 Hz.. The inset plot
X' QK VarpoG& b However, this generalization does [Fig. 3(c)] shows the sound absorption coefbcient. The slight

not seem to be necessary for common acoustic materials fAisagreement between the data and the predictions could be
the audible range of frequencies. due to limited applicability of the analytical model for low

porosity materials/(, < 0:6) as suggested in Ret9. The
inaccuracy, due to bnite particle size, in debning the layer
thickness could also contribute to the disagreement. If the
To validate the models, measurements of sound absorgayer thickness is set % 3:1652 cm, a better agreement is

tion coefbcient of double porosity materials have been conebtained as is also shown in Fig¥a)B(c). The model for
ducted in a vertically installed B&K 4206 impedance tube. the acoustical properties of single porosity granular materials
The two-microphone method described in the stantfard has been therefore validated and will be further used in mod-
ISO 10534-2:2001 has been used. The analytical model faeling double porosity granular materials.

IIl. MODEL VALIDATION AND DISCUSSIONS
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FIG. 2. Complementary cumulative distribution function for lead shot parti-
cle radius. CirclesNdata. Continuous lineNbtted normal distribution.
Dashed linesN95% conbdence interval. The inset plots show the original
(a) and the processed (b) images.

B. Double porosity granular material with
low-permeability contrast

1. Characterization

Expanded perlite is a chemically-inert industrial mineral
made out of naturally occurring siliceous volcanic rock. This
material is commonly used in ceiling tiles and roof insulation
products. The sample used in this work is a commercial
product called Expanded Perlite P3 (P3 from now on). The

Imaginary part of reflection coefficient

. . . 1 600 20I00 30‘00 40‘00 5000 60‘00
estimated density of the frame is 2.774 gfcifihe bulk den- b) Frequency [Hz]

sity has been measured using the procedure described in the
previous section and is equal to 0.062 gicifhe overall po-  FIG. 3. Real (a) and imaginary (b) parts of the reRection coefbcient of a
rosity is thereford , ¥40:9776. This value does not neces- 3-cm hard-backed layer of lead shots. CirclesNdata. Continuous lineN

ril rrel with the C ne rosi mmonl i edictions. Dashed lineNmodel predictions for a layer thickness of
220&/8528 il?:einclfjdese(‘)?ﬂ%pseed% F[):)%I?esst);scaell OTh)é lszcefthg;]tﬁz cm. The inset plot (c) shows the sound absorption coefbcient.

this value is used in calculations inevitably affects the accu-

racy of the predptlons. . o . . Fig. 4, have been taken in order to obtain information about
The P3 grains are fairly ellipsoidal with a nominal tthe inner structure of P3. Figusb) shows the wall junc-
o N . .
2802 l;?ntﬂegr?;riln Sslizzeesoi‘a(l)l.T)Seiuzo:n;nﬁoJehIfhi;nfs:se thlftlons, which resemble Plateau bordrghree and four junc-
9 ge. tions meet at angles close to 128hd 109.47, respectively).

has not been p955|ble to app!y optlcgl granulometry to thl"?:rom this image, the average wall thickness has been esti-
sample due to its extremely light-weight nature. In the ab-

1 . . -di I-
sence of the actual particle size distribution, the equivalen[nated ash, ¥20:4746 0:088 mm. The poly-disperse semi

particle radius has been calculated as half of the averagCIOSEd foam-like microstructure of P3 can be identiPed in

et he upper and ower it of e GO%-and g % 4C) 2 CE1 e . debned o e irest iance
size, i.e.,r, ¥20:4875 mm. It is known that identical non- PP '

spherical particles can pack better than soherical arl_:)een calculated using manual image segmentation and is
P P P P P s V2475826 9:659 nm. The interscale ratio is therefore

:L\C;?Sf'or ;?g;%fgﬁ’crgsee mesli).poroilty can be smaller th.aﬂgiven by & ¥ Cs=rp ¥4 0:0976. This conbrms the low-
packing of identical spheres, whic bilit trast assumotion

is given by® / p 0:36. On the other hand, the effect of permeability con umption.

polydispersity is manifested through a decrease in porosit)é

as small particles can bt in between the voids formed by

larger particles. An arrangement that reRects this phenom- One can notice from Fig4(c) that each cell can be

enon is the bce packing. The mesoporosity is therefore sedpproximated by a polyhedron. The inner geometry of P3

equal to that of the bcc close packing, i.e, %2 0:32. Itis, ~ must therefore obey the rules of space-Plling packing of

however, recognized this value is somewhat arbitrary. polyhedra®’ A geometry that satisbes this condition, and

Scanning electron microscope (SEM) images, shown in

. Microstructure modeling of expanded perlite
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that related to the Plateau borders law, is the Kelvin
foam 32 Other possible geometries for modelling foams are
the WeaireDPhelan foatfiarray of cylinders arranged in a
hexagonal latticé® and array of spherical voids connected
by cylindrical pores'® The WeairebPhelan foam has eight
cells in the REV. This low symmetry limits its use.
Although an array of cylinders can represent open-cell
foams with thin struts, it does not appear to appropriately
represent semi-closed foams. Meanwhile, an array of spher-
ical voids connected by cylindrical pores does not obey e
space-Pblling rules. The inner geometry of the P3 granules is e\ Spol Magn Dl WD ———— 200
therefore modeled as a monodisperse array of perforated : —
truncated octahedra. The perations have been included

in an attempt to represent the holes observed in the P3 gran-
ules [see Fig4(a)]. This implicitly assumes that the Ruid
phase is connected. The truncated octahedron is an Archi-
median solid that has eight regular hexagons and six
squares faced\(¥2 14). It corresponds to a Rat-faced ver-
sion of the Kelvin foam. It is gener.)ated by subtracting six
square pyramids of sideand height 2a=2 from a regular
octahedron of sidea&8and half height 3 2a=2. A cell size is
debned aB the distance between the square faces and is given
by Cs¥42 2a. The volume and the area oi) the truncated S iyt
octahedron ar&/ ¥, C3=2 andA ¥4 &=4pb1p 2° 3 C2. The ; e
elementary Ruid cell has been built as follows. A truncated
octahedron with cell siz€, iB generated. Then, fourteen cyl-
inders of radiugper ¥4 NCs=4' 2 and heighth,,=2 are located

at the center of each face [see FB(d)]. The parameter
n2¥;1 controls the perforation size with respect to half of
the smallest face (square of sidg. The microporosity
and thermal characteristic length can be calculated as
I m¥s C¥p Npr2h, =3Csp h,=28 and KJ=4Cs ¥ dalp

n’pNh,=32Cse=w, with w ¥4 1 p 3 b pNn:3p 2 &, =Cs
n=4 2Pk The viscous and thermal permeabilities of the mi-

croscopic domain have been calculated using the semi-phe- O o I Ceme e L

nomenological models given by Edll). To obtain the

values of the model parameters the numerical solution of the
static Buid Bow [Eq(5),(6) for x ¥4 0], the heat transfer [Eq.
(7) for x ¥ 0], and the high-frequency oscillatory Ruid Bow grain (a), wall junctions (b), and the inner structure (c).

FIG. 4. Scanning electron microscope images of expanded perlite P3: P3

(electrical conduction) [Eq(12)] problems have been per- ) . .
formed using the Pnite element method softwargisoL (9% 0:5) while the wall thickness td, ¥ 1:3883mm. This

MULTIPHYSICS. Second-order Lagrangian elements have beeﬁfaIue is about 'three grrrl]es Igrger tiian the one eﬁtlririated by”
used to model the velocity components, whereas the lined29¢ proclessn?rghan I as ere]:n cboseniio malch the ovei:a
elements approximated the pressure beld (P2-P1 velocit)poros'ty value. The cell size has been, nowever, _s_et to the
pressure formulation), as suggested in Relf. An arbitrary measured value. Tablb showg the parameters utilized to
reference pressure has been set in one of the vertices of tﬁ'%Odel the acoustical properties of the array of perforated
Buid cell to ensure uniqueness of the solution for the Buiotr_uncated octahedra._OnI_y results for Wh'.Ch the pressure gra-
Row problent? Second-order Lagrangian elements haved'ent has been applied in the negatizelirection are pre-

been used for the temperature and the electric potential fo§hente2d 5h33r§/: ?nd inhthe foiljlovyin%. Tifiesehdo not differ mg_re
the heat and electrical conduction problems, respectively. ifnan 2. 6 from those obtaned when the pressure gradient

all these problems, periodic boundary conditions were preWas applied in the negative or y-direction. This reRects the

scribed on the boundaries corresponding to the perforatioHuas"'SOtropIC nature of the microscopic domain.

faces. The convergence of the numerical method has been ) ]

tested by a careful mesh rePning analysis. The microporosity: Comparison with data

has been set tbm %,0:967 in order to match the measured Figure5 shows the real and imaginary parts of pressure
overall porosity. The diameter of the perforations has beeneRection coefbcient for a 3-cm hard backed layer of P3.
set to half of the smallest face of the truncated octahedrorrhe Sing|e porosity model is not Capab|e of reproducing the
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TABLE I. Parameters for the microdomain of expanded perlite P3.

10%kom=C2  10°k§,,=C2 aom &, am KwCs KI=C,

0.7051 14.844 23519 145 2.0431 0.1066 0.3239

perforated truncated octahedra. On the other hand, the paral-
lel Buid Row model used to calculate the viscous permeabil-
ity might not be a realistic assumption as this expression
only holds for mesoscopic geometry with straight parallel
cylindrical or slit pores> A more general approach may be
based on solving the set of equations Al in R. A better
agreement can be obtained by btting the analytical double
porosity model to the data. This procedure has been imple-
mented by using the differential evolution algoritffhThe
ptted values for the micropore and particle radii and the
porosities aren, ¥4 28:055mm, / |, ¥4 0:999,r, ¥4 0:599 mm,

and / ,%0:2871. This results in an overall porosity of

! 4 ¥20:997, which is 2.26% larger than the measured value.
The btted micropore diameter appears to be comparable to
the measured average cell size plus its standard deviation
while the btted particle diameter corresponds to the upper
limit of the nominal 80%-band grain size. Although a much
closer agreement is obtained, it is recognized that a stag-
gered array of circular pores does not correspond to the
actual microdomain geometry of P3. The disagreement
between the data and the predictions is not very pronounced
for sound absorption coefpcient as is shown in b{gl). The
general trend is that a double porosity low-permeability con-
trast granular material presents larger sound absorption at
low frequencies compared to a solid-grain material with the
same mesoscopic characteristics at reduced weight.

C. Double porosity granular materials with
high-permeability contrast

1. Characterization

Two samples of granular activated carbon made of coal
have been used as examples of double porosity granular

FIG. 5. Real (a) and imaginary (b) parts of the rel3ection coefbcient and
sound absorption coefbcient (c) of a 3-cm hard-backed layer of expanded
perlite P3. CirclesNdata. Continuous black lineNanalytical single porosity
model. Dashed black lineNhybrid double porosity model. Dashed gray
lineNibtted analytical double porosity model. (d) geometry and mesh of the

elementary Ruid cell.

data over the whole range of frequency. A reasonably good
agreement is found between the data and the hybrid model.
The following simplibcations used in the modeling could

explain the observed differences between data and the pre-
dictions. The analytical model for the mesodomain assumes
that the particles are spherical and monodisperse while P3 is

clearly a polydisperse granular material with nonspherica

fIG. 6. Complementary cumulative distributions of the equivalent particle
radius for the activated carbon samples. Gray circles: data for SRD71. Black

graing. The' same argument applies to th'e MICroSCOPIgircles: data for SRD75. Dashed dotted linesKibtted distributions. The inset
domain as it has been modeled as a monodisperse array @bts show the processed images. (a) SRD75 and (b) SRD71.
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TABLE II. Properties of activated carbon samples.

Sample Bulk density N2 surface CO2 surface Nanopore volume Overall Equivalent

qp (g/cnt) area (m/g) Area (nf/g) Vi, (0D2 nm) (crivg) porosity/ g, particle radius (mm)
SRD71 0.566 665 371 0.283 0.7427 0.7536 (0.1609)
SRD75 0.335 1274 847 0.774 0.8477 0.7364 (0.2056)

materials with high permeability contrast. Activated carbontheoretical estimation of mesoporosity that matches the
is normally manufactured by carbonizing raw material fol- measured RBow resistivity assuming identical spheres with
lowed by an activation process by either oxidization of CO their radii given by the expected values of the equivalent
or steam. This process creates a hierarchical porosity rangingarticle radius distribution (last column of Tablé). The
from nanometer to micrometer size pores within the granf3ow resistivity was calculated asy, ¥4 g=ko,, Where the
ules. Activated carbon is commonly used in bltration and pu-static viscous permeability of the spheres packing is given
ribcation processes due to its remarkably large surface ardsy Eq. (21). The observed variability in Bow resistivity is
and sorption capacity. The samples will be referred to a$.85% for SRD71 and 6.14% for SRD75. This can be
SRD71 and SRD75 in the following. Optical granulometry explained with an average variability in mesoporosity of
has been applied to these two samples. The image processitig/' 7 and 1.62%, respectively. The average Bow resistivity of
is the same as the one implemented for the lead shot sampl8RD75 is slightly larger than that of SRD71 due to its higher
Figure 6 shows the complementary cumulative distribution dust content. Consequently, its mesoporosity is smaller. The
of the equivalent particle radius for SRD71 and SRD75. Thel3ow resistivity and the mesoporosity can be considered
inset plots show the processed images. The number of pathickness independent and not signibcantly affected by the
ticles considered for SRD71 is 2439 and the average masactivated carbon packing conditions. The fact that the two
per particle is 0.8319 mg. In the case of SRD75, these corresamples with very similar mesoscopic characteristics and
spond to 2208 and 0.4792 mg, respectively. For both samdifferent microscopic characteristics have close Row resistiv-
ples, the equivalent particle radius follows a lognormality values justibpes the high-permeability contrast assump-
distribution, &l ;hD1/41=thp 2p exp dndp | B—pn2 = tion. These results also allow estimating the microporosity

.. . aS/ml/ZI/db /p:l /p.
The parameters of the btted distribution for SRD71 are

| Y4 7:2129 andh¥10:2112 while those for SRD75 are
| ¥a 7:2513 andh¥.20:2741. These two samples are very
similar in terms of mesoscopic characteristics. The differ-  The data of pressure reRection coefpcient for a rigidly-
ence in their inner structure is signiPcant as the sampl®acked 2-cm layer of SRD71 along with the model predic-
SRD75 is more porous than SRD71. This can be deducetions is presented in Figg(a) and7(b). The particle radius
from the average mass per particle and more explicitly fromand the mesoporosity values are given in Tablleand Il .
Tablell where the bulk density, pore surface area, nanopor&he microporosity/ ,, %2 0:628 has been calculated using
volume, and the estimated overall porosity are presente¢hesoporosity and overall porosity values. The micropore ra-
along with the expected value and standard deviations (in padius has been set tg, ¥4 0:7125nm. This has been calcu-
renthesis) of the equivalent particle radius for SRD71 andated through a best btting routine using the differential
SRD75. The tabulated density of carbon blagk¥22:2g/  evolution algorithni®® This value correlates well with the
cm® has been used to estimate the overall porosity. mean size of the macropores (or transport pores) commonly
In double porosity materials with high-permeability found in activated carbdi and provides an interscale ratio
contrast the Ruid Bow is not affected by the micropores. Taof e ¥arm=r, ¥ 0:9455 10 3, which is in line with the
justify the applicability of this approximation, Row resistiv- high-permeability contrast assumption. On the other hand,
ities of the two activated carbon samples have been meashe static viscous permeability including rarefaction effects
ured. The procedure is detailed in the standarBS EN s given by® kyn®, b ¥4 128 p 4K, =8, where the Knud-
29053:1993. Tablelll presents the Row resistivity for sen number is debned®8K, ¥ Imearrm. Considering that
SRD71 and SR75 for a layer of 4 cm and two sampleshe molecular mean free patheanis approximately 60 nm
with layer thicknesses of 2 cm. The other columns show at normal conditioné’ the calculation of the static viscous

2. Comparison with data

TABLE Ill. Flow resistivity data and mesoporosity estimation for activated carbon.

Flow resistivity (kPa s/rf) Mesoporosity
SRD71 SRD75 SRD71 SRD75
A (d%4 cm) 20.041 23.0667 0.312 0.305
B (d¥42 cm) 20.4436 24.6232 0.302 0.299
C (d¥2cm) 22.7196 26.0870 0.311 0.295
Average 21.068 1.444 245928 1.5104 0.3088 0.0055 0.299% 0.005
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permeability would differ by 33.6%. This seemingly large

difference does not signibcantly modify the predictions of

the acoustical quantities in the audible frequency range [see,

for example, Eq. (64) in Refi7]. The double porosity model

provides much closer agreement with the data than the single

porosity model. However, its accuracy is affected by the fact

that only a limited amount of information about the material

microstructure was available. Figurééc) and 7(d) present

the same information as Fig8(a) and7(b) but for the sam-

ple SRD75. The -calculated microporosity value is

| w¥20:7825 while the btted micropore radius is

rm ¥ 0:9881 mm. This value gives an interscale ratio of

& ¥ 1:3419 10 3. The agreement between the double po-

rosity model and the data is better than that for the single po-

rosity model. This is emphasized in Fi§where absorption

coefbcient data for both samples is presented along with pre-

dictions of the single porosity and double porosity models.

The single porosity model predictions are close due to simi-

lar mesoscopic characteristics of the two samples. The dou-

ble porosity models predictions of absorption coefbcient are

also close at low frequencies. This is expected since the

static Bow resistivity values of the samples are close.
To provide an insight into the low-frequency behavior, the

dynamic bulk moduli for both divated carbon samples and

the lead shots have been deduced from the low-frequency char-

acteristic impedance and waveumber measured using the

two-thickness methd as Ky ¥a X Z5,=05,. It is shown in

Fig. 9 that the normalized static value of the dynamic bulk

modulus of the lead shots is accurately predicted and given

by 1=/ , 1/0.3905/22.5608. For SRD71 the predicted value

is 1/0.7427%,1.3464 while for SRD75 is 1/0.84%41.1797.

By extrapolating the real paof the dynamic bulk modulus

to zero frequency one can conclude that the static limit is

0.5777 for SRD71 and 0.4274 for SRD75. These values cannot

be explained by the proposed model and suggest that the theory

may need to be extended to accofamphysical processes that

modify the static bulk modulus. This quantity is modibPed when

the Pnite heat capacity of the solid is taken into acc8unt.

According to Eg. (B10) in Ref4, the static bulk modulus

is given by/ K& | ORPy¥% dlp hkdlp h=ck whereh

is the ratio of the heat capacity of air to that of the solid.

For the activated carbon sample¥, O&L0 2 band the experi-

mental trend cannot therefrbe explained. Thermal slip

effects modify the dynamic bulk modulus but not its static

valug’®*’” Mass transfer processes also alter the dynamic bulk

modulus. For example, Raspett al*® have studied the sound

attenuation in rigid cylindrial pores blled with air and satu-

rated water vapor accounting 'fOI’ the mass tr'ansfer of VapoIEIG. 7. Real (a) and imaginary (b) parts of the reRection coefbcient of a

from the wet tube wall. According to Eq. (47) in Ré9and  2.cm hard-backed layer of SRD71. CirclesNdata. Continuous gray linefi

equation of state, the static bufikodulus for an array of cylin-  double porosity model. Continuous black lineNsingle porosity model for a

drical pores with wet walls can be written in terms of the ratio Packing of solid particles [Eqq14) and (22)]. Dashed black lineNsingle

between the partial pressure of pjrand that of watgr vapqe Eo"r{;’jt%rf” tﬁ%g;{h&?Iiggﬁgf/)vﬁ:cind((::r;:lr\nd?ghe (). The same -

as/ K& ! 0BPy % 1=61p p,=p; P However, this ratio is

small at normal conditio!§ and might not be able to explain

the measured activated carbon static bulk modulus value. towards lower frequencie®.A similar shift has been docu-
The presence of adsorbed bIms of water at the contaghented in loudspeakets partially blled and resonatots

point of the granules has been identibed as the main cause fflly blled with activated carbon. This effect has been how-

both dampening structure-borne sound and shifting thever attributed to sorption processes that occur in the small

resonant frequency of a bar Plled with tungsten particlegpores within the grains. The effect of sorption on sound
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might be necessary. It should also be noted that the friction
caused by the particle vibration has been suggested to
increase the low-frequency sound absorption in granular
materials>* Particle motion, mass transfer and sorption proc-
esses are likely to be occurring during sound propagation in
activated carbon and need to be included into a more general
theory. This theory could also include an additional porosity
scale at the nanometre level, which seems to be the case that
would better describe the acoustical properties of activated
carbon. This idea is motivated by the larger nanoporosity of
SRD75 ( ,¥QpV, ¥ 0:2593) compared to that of SRD71

(/ ,%0:1602) (see Tabld).

IV. CONCLUSIONS

Double porosity materials have been intensively studied in
the past decade. It has been proven that they can achieve larger
low frequency sound absorption compared to single porosity

SROTL (gray circes) and SRD7S (black crcles), Contnious inesiidoubler2LC 1S HOWever, granulaaterials with porous partcles,
porosity rgr]]oc)i/el predictions. Dashed IinestingIe.porosityumlj)del predictliJonsWhICh are _Commonl_y ”Seq in bulh_g and chemical ||jdustr|es,
for packing of solid particles. have received relatively littleteention. These materials come

with a large variety of particle and pore sizes which allows low

attenuation in straight cylindrical pores has been studied bys well as high permeability contrast. In this paper, the acousti-
Mellow et al.,>* who approximated the sorption dynamics by cal properties of double porosity granular materials have been
a Langmuir isotherm model. From Eq. (39) in R&B, the studied both theoretically ahexperimentally. The existing
static bulk modulus can be deduced asself-consistent model for a packing of identical solid spheres
_ _ has been extended to allow for particle porosity. Expanded per-
/K8t ORPy¥a1= 1p Pokakaty=daPop ks Bdo , where lite has been used as an example of a granular material with
ka and kg are the adsorption and desorption constants anghy permeability contrast. High permeability contrast has been
On Ya2r =rp is the maximum adsorbed density. Here, thegchieved in samples of activated carbon. It has been demon-
surface mass density that can be accommodated is denotgffated that packings of porous particles provide much
asr s while the pore radius as,. This expression might be improved low frequency sound absorption compared to that of
able to explain the general trends in the behaviour of thesglig particles with the same rmescopic characteristics at
bulk modulus of activated carbon. However, the Langmuirreduced weight. This makes tleematerials potentially attrac-
model is a poor approximation to the sorption characteristicsiye for acoustic applicationdt has also been found that the
of activated carbon. A more comprehensive approach basegy frequency properties of activated carbon cannot be com-
for instance on the Freundlich adsorption isotherm mtdel pletely explained by their double porosity structure as the meas-
ured static values of the bulk moduli are lower than those
predicted by the theory of sound propagation in double porosity
materials. This might be an indication of mass transfer and
sorption processes happenimgsmaller pores. The investiga-
tion of these effects and their use in designing new acoustic
materials are interestingpics for future research.
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