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In the pore space of packed grain material, transport properties are characterized by macroscopic
parameters. Some of them, porosity and tortuosity, are measured for random packing of glass beads
and compared with evaluations made during previous studies. A simple method for measuring
porosity and tortuosity for air-saturated granular media is given. This method is based on a temporal
model of the direct and inverse scattering problem for the propagation of transient ultrasonic waves
in a homogeneous isotropic slab of porous material with a rigid frame. Viscous and thermal losses
of the medium are described by temporal operators describing memory effects in a porous medium.
Because of the high attenuation of acoustic waves in air-saturated packings of beads, the wave
reflected by this medium is equivalent to the wave reflected by the first interface. Using this
approximation, a simple relation between porosity, tortuosity, the angle of incidence, and the
reflected wave is obtained. Porosity and tortuosity are thus measured via reflected waves in the
porous medium at oblique incidence. Experimental and numerical validation results for this method
are given for a sample of random packings of glass beads20@8 American Institute of Physics.
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I. INTRODUCTION The macroscopic parameters relative to a similar model have
been calculated by Lafarget al*

The ultrasonic characterization of porous materials satu-  Allard et al® characterize the random packing of glass
rated by air, such as granular materfafiprous or plastic beads by measuring macroscopic acoustic parameters. A pre-
foams is of great interest for a wide range of industrial ap-diction of surface impedance at normal incidence for a layer
plications. These materials are frequently used in the autoof glass beads is given.
mobile and aeronautics industries as well as the building  Two important parameters used in theories of sound
trade. propagation in porous materiafs*® are porosity and the

Disorder granular media, including bead packings, haveortuosity. Porosity is the relative fraction, by volume, of air
been studied using different approaches partial descrip-  contained within the material. Unlike other parameters in-
tion of a granular medium at the macroscopic s¢aker a  volved in the description of different physical phenomena
large volume compared to grain sjzean be produced by involved in the acoustic propagation of porous media at the
evaluating different macroscopic parameters, dependent onlyigh frequency range, such as tortuosftyjscous character-
on the geometry of the granular structure. Some of them cagtic length? and thermal characteristic lengthor at the low
be used to characterize sound propagation in air saturatiqgequency range, such as flow resistifityand thermal
the pore space, and, conversely, can be evaluated fropermeability! porosity is a key parameter playing an impor-
acoustic measurements. tant part in propagation at all frequencies. As such, in studies

Attenborougfi has suggested an elegant model for ob-of the acoustic properties of porous materials, it is highly
taining the acoustical properties of air-saturated granular megesirable to be able to measure this parameter.
dia. Random bead packing is replaced by a system of parallel geranei® described an apparat(sorosimeter for mea-
slits with a log—normal distribution for the semithickness.suring the porosity of porous materials. This device was
based on the equation of state for ideal gases at constant
dElectronic mail: fellah@Ilyonl.inserm.fr temperaturdi.e., Boyle's law. Measuring the change in air
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pressure, for a known change in volume of the chamber corelearly described by the Biot theoty!? In air-saturated po-
taining the sample, allows porosity to be determined. In theous media the structure is generally motionless and the
Beranek apparatus, both pressure change and volume changaves propagate only in the fluid. This case is described by
are monitored by using a U-shaped fluid-filed manometerthe equivalent fluid model which is a particular case in the
An alternative technique for measuring porosity is a dynamidiot model, in which the interactions between fluid and
method suggested by LeondrdTechniques that use water structure are taken into account for two frequency response
rather than air as the pore-filling fluid, are common in geo-factors: dynamic tortuosity of the medium(w) given by
physical studied®'® Mercury has been used as the pore-Johnsonet al® and dynamic compressibility of air in the
filling fluid in other application€® However, for many ma- porous material3(w) given by Allard® In the frequency
terials, the introduction of liquids into the material is not domain, these factors multiply fluid density and compress-
appropriate. Recently, a similar device to that used by Beibility respectively and represent the deviation from fluid be-
ranek, with an electronic pressure transducer, has been intrbavior in free space as the frequency increases. In the time
duced by Champout al,?! where very small changes of domain, they act as operators and in the asymptotic domain
pressure can be measured accurately, and the output recordéigh frequency approximation their expressions are
on a computer. giverP~8 by

Tortuosity .., , named the structure factkg by Zwikker

and Kostef* or the parameteq? by Attenborough? is an - 2( n \¥

i ich i i ibing inertial i (D=a.| o)+~ ——| t71? 1
important parameter which is used in describing inertial in- ¢ Qoo A\ mp; '

teraction between fluid and structure in porous material at

high frequency range. In the case qf cylindrical pores at an ~ 2(y—1) ) |22

angle 9 to the direction of propagationy..= 1/cog 9. Tor- Bt)=| s(t)+ t-v2| )
tuosity can be evaluated by electrical measuremérus by A"\ mPips

using a superfluidHe as the pore fluidit can also be evalu-
ated using acoustic technigues such as ultrasonic measure- In Egs.(1) and(2), §(t) is the Dirac function; Pr is the
ment of transmitted wave$2324 Prandtl numbery and p; the fluid viscosity and fluid den-

In this work, we present a simple method of measuringsity, respectively; andy is the adiabatic constant. The rel-
porosity and tortuosity by measuring the acoustic wave reevant physical parameters of the model are the tortuosity of
flected by a slab of porous material at oblique incidencethe mediuma., initially introduced by Zwikker and Kostéfi
This method is based on a temporal model of the direct andnd the viscous and thermal characteristic lendthend A’
inverse scattering problem for the propagation of transienintroduced by Johnsoet al® and Allard!® In this model, the
ultrasonic waves in a homogeneous isotropic slab of poroume convolution oft =2 with a function is interpreted as a
material with a rigid frame, initially introduced by the au- semi derivative operator following definition of the fractional
thors in Refs. 6-8. The viscous and thermal losses of thderivative of order given in Samko and Coff?
medium are described by Johnsetal® and Allard® model
modified by a fractional calculus based method for use in the 1 t
time domain. Reflection and transmission scattering opera- DP'[X(1)]= mfo(t—u)‘”‘lx(u)du, ©)
tors for a slab of porous material are derived for an oblique
incidence and the responses of the medium to an incide
acoustic pulse are obtained.

The outline _of this article is as foII_ows. In Sec. Il a ti.me Pe expressed as follows:
domain model is given, the connection between fractiona
derivatives and wave propagation in rigid porous media at ~
the high frequency range is established, and the basic equa- _ ~ *@: v @*ﬁ_p: _

: N ; : . ; pra(t) Vi d v, (4)

tions are written in the time domain. Section Ill is devoted to ot Ka dt

the direct problem and general expression of the acoustic

field inside the porous medium, expression of reflection andvhere” denotes the time convolution operatignis acoustic

transmission kernels in the time domain at oblique incidenc@ressurey is particle velocity, an&, is the bulk modulus of

are calculated and numerical results given. Finally, in Sec. I\air. The first equation is the Euler equation, the second is a

an experimental validation using ultrasonic measurement i§onstitutive equation obtained from the equation of mass

performed for random packings of glass beads. Porosity angonservation associated with the behavior adiabati¢

tortuosity are measured via reflected waves for different inequation.

cidence angles. For a wave propagating at oblique incidence in plane
(xo02 at an angled along thex axis, these equations become

r\]/E/herel“(x) is the gamma function.
In this framework, the basic equations of our model can

Il. MODEL w(X,z,t)  2pra.| 7 \Y2 [t dv(x,z,t")/at’ ,
In the acoustics of porous materials, a distinction can b= at - A (w_pf fo Ji—t”

made between two situations depending on whether the

frame is moving or not. In the first case, the wave dynamics _ ap(x,z,t)

due to coupling between the solid frame and the fluid are ax
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A AX,2,t) . zpfax( 7 )szt v (x,ztHlat"

Pile '
at A\ 7ps 0 yt—t Incident wave

ap(x,z,t)
- (92 1 (5) __ b
1 ap(x,z,t) N 2(7’_1)( 7 )l/zft Ip(x,z,t")/at’ dt’ Reflected wave
Ka dt KA \mpiPr)Jo -t/ x=0 . X
B dv(x,z,t)  Jdv(x,z,t) Porous material
B X dz

FIG. 1. Problem geometry.
wherev,, v, are the components of particle velocity along
the ox andoz axes.

In theses equations, the convolutions express the diSpe\';\?here coefficientA, B, and C are constants, respectively
sive nature of porous material. They take into account. . by t ' ’
memory effects due to the fact that the medium’s response t
wave excitation is not instantaneous but needs more time to
take effect. The retarding force is no longer proportional to A= —Z(aOC—sin2 ),
the time derivative of the acoustic velocity but is found to be Co
proportional to the fractional derivative of abogitof this
quantity. This occurs because the volume of fluid participat- B— 2a /M(i+ y—1 )
ing in the motion is not the same for all motion, as it is for a Ka m\A P’
fully developed steady flow. The phenomenon may be under-
stood by considering such a volume of fluid in a pore to be in 4a(y—1)7
harmonic motion. At high frequencies, only a thin layer of C= —,\/—
fluid is excited so that average shear stress is high. At a lower KaAA'vPr

frequency, the same amplitude of fluid motion allows a  The first is related to projected wave velocity along the
thicker layer of fluid to tqke part in the motloq and' CONSe-y_axis c=c,/ /o, — Sir? 6. The other coefficients are essen-
q.uently the shear stress is lower. 'Th.e penetratlon' distance %Ily dependent on the characteristic lengthaand A’ and
viscous forces and th_erefore e>§C|tat|0n of the fluid d?pe”d%xpress the viscous and thermal interactions between the
on frequency. In the time domain, such dependence is ass@yig and the structure. ConstaBtgoverns the signal spread-
ciated with a fractional derivative. ing while C is responsible for wave attenuation. Obviously,
knowledge of these three coefficients means that parameters
a., A, andA’ can be determined. One way of solving Eq.
(6) with suitable initial and boundary conditions is by using

The direct scattering problem is that of determining thethe Laplace transform. The approach is quite simple although
scattered field, as well as the internal field, that arises when #e inverse Laplace transform require tedious calcllAs.
known incident field impinges on porous material with Suitable setting for introducing the time domain solution of
known physical properties. To compute the solution of thethe modified wave propagation E() is given in the fol-
direct problem, it is necessary to know the reflection and/otowing model.
transmission scattering operators which depend on the To derive reflection and transmission scattering opera-
Greer function of the porous medium. In that case, the re-tors, it is assumed that the pressure field and flow velocity
flected field is given by the convolution of the reflection are continuous at the boundary of the material
operator with the incident field and the transmitted field is N _ _ N
given by the convolution of the transmission operator by the p(0".H)=p(0",1), p(L",H=p(L"1), @®
incident field. S + oy _

Consider a homogeneous slab of porous material which v(07.0=¢v(07.0, v(L7H=¢v(L"0),
occupies region &x=<L. The problem geometry is shown where ¢ is the porosity of the medium ant superscript

in Fig. 1. This medium is assumed to be isotropic and to haveienotes the limit from left and right, respectively. Initial con-
a rigid frame. A short sound pulse impinges at oblique inci-ditions are given by

dence on the medium from the left. It gives rise to an acous-

tic pressure fielgp(x,t) and an acoustic velocity fieka(x,t) Jp

within the material, which satisfies the propagation equétion P(x.1)]—0=0 at t_ozo’ ©)
along thex axis: -

)

Ill. DIRECT PROBLEM

’ ) 3 which means that the medium is idle for 0.
I Pp(X,1) _Aé’ PxD a7 P dp(xt) If the incident sound wave is launched in regios 0,
ax? at? o3 at ’ then the general solution of E¢B) in the region to the left of
(6) the material is the sum of the incident and reflected fields:
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0.06f 0.8t
__ 0.04; 0.6r
;-, i:“; 0.4r
o 0.02f P |
5 5 0.2
=1 S 0
g o £
-0.2r
-0.02r
-0.4f
. ; . . ; -0.6 : . - y -
0.01 0.02 0.03 0.04 0.05 0.005 0.01 0.015 0.02 0.025
Time (ms) Time (ms)
FIG. 2. Transmitted simulated signals fe¥=0.45 (solid line and ¢ FIG. 3. Input signal.
=0.58 (dashed ling
R) @, COSO— P ar,— Sirf 0)
_ X cOSs# X cOSs# a,, COSO+ P\Ja,,— Sir? 6
pl(X,t):pl t_C— +pr t+ c ,  X<0,
0 0

(10 X (
n=0

here,p(x,t) is the field in regiorx<0, p' andp’ denotes
the incident and reflected fields, respectively. In addition, a
transmitted field is produced in the region to the right of the
material. This takes the form

., cosf— ¢, —sir? 62"
@, COSO+ P ar,— Sirf 6

c| e
t2n|—Flt(2n+2)_ ], (13)

- 4 cosO a,.—Sir? 0

x,t) = p! o (xzbjeos) L (1) = [ siro)?
Ps(x.)=p c Co ’ ’ (\/a—wcose+¢ 1- )
o

wherep;(x,t) is the field in regiorx>L andp' is the trans-

X|F

, 2
mitted field . L [@=cost- ¢Va—sit 6 "
Inmdent and scaFtered fields are re_lated by the scattering 720 | @, cosO+ ¢ /—aw—sinz 9
operatorgi.e., reflection and transmission operajdia the
material. These are integral operators represented by L L
XF|t+—,(2n+1)—], (14
. Co c
r _ B i X d
pr(x,)= fOR(T)p (t_7+ o7 where c=cy/\/a,,—sir? 6. These expressions take into ac-
count n-multiple reflections in the material. For a positive
I ST X COsé constantk, F(t,k) is the Green function of porous material
=R ()7 4| t+ o |/’ given in Ref. 7(the AppendiX.
(12
t : L (x—=L)
pt(X,t)=JT(T)p' t—r— —— dr
0 ¢ G 03|
~ : L (x—L)cos#
=T(t)*p'()* | t——— ——|. 0.2
Cc CO ’;
- - 8
In Egs. (12) functionsR and T are the reflection and g 01
transmission kernels, respectively, for the incidence of waves %
from the left. Note that the lower limit of integration in Eq. g 0
(12) is set to 0, which is equivalent to assuming that the
incident wave front first impinges on the materialtat0. -0.17
The scattering operators given in E¢$2) are independent
of the incident field used in the scattering experiment and -0.21 , , , , ,
depend only on the properties of the materials. Using the 0.005  0.01 0015 002  0.025

Egs. (4), (6), (8), and(12) and Laplace transform calculus, Time (ms)

we can d_erive the reflection and transmission scattering oG, 4. Numerical simulations of reflection contributiong) (solid line)
erators given by and9(t) (dashed ling
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In most cases, for air-saturated porous materials, muland the reflection kernel by
tiple reflection effects are negligible because of the high at-

tenuation of sound waves in this kind of medium. So, by ~R(t):r(t)+§)‘i(t), (16)
taking into account only the reflections at tke-0 andx
=L interfaces, the transmission kernel is given by with
. 4¢ cosb a.,—Sir? 0 2F(t+ L E) © ( ., COSH— P a,,— Sir? 0 an
. 1 ! r = ,
(\/a_cosa-f—(ﬁ\ [1- sirt ‘9) ©° ., CoSO+ ¢, —sir? 6
Qo
(15 and
|
sir? 6
4¢ cosO\ a,,—sir? 0| Va., cosd—¢\/1— oL
C‘foc
R(t)=— F(t, ?) , (18)

/ in? 6
(x/ozoc cosf+ao\/1— 2 )
aoc

in the case of a semi-infinite medium wheh— o; Figure 2 shows two simulated transmitted signals for a

F(t,2L/c)—0 andR(t)—r(t) (the Appendix. This means Sample of random packings of glass beads M1 at normal
thatr (t) is equivalent to the reflection at interfage=0 and  incidence, the firs{solid line) corresponding to a porosity
thatR(t) is equivalent to reflection at interfage=L, which ~ value of #1=0.45 and the seconddashed ling to ¢2

is the bulk contribution to the reflection. The part of the wave=0.58. The parameters used in the simulation are: diameter

corresponding ta(t) is not subject to dispersion but is sim- 0.5 mm, thickness 0.5 cmy.,=1.4, A=20 um, andA’
ply multiplied by the factor =60 um and were determined using conventional

methods’82324A slight difference can be seen between the
two curves for a 30% difference in porosity values, due to

o, COSO— .. —sir? 0 the dispersion phenomenon governed by viscous, thermal
.. oSO+ p\Ja.—Sirt 0] and inertial effects provided bg.., A and A’ and plays a

more important role in the Green functidf(t,k) than ¢.

This shows that although tortuosity is a bulk parameter, itfThe input signal used in the simulation is given in Fig. 3.

may be evaluated from the wave reflected at the first inter- ~ Figure 4 shows the two contributions to reflectioft)

face when the porosity is known and vice versa. Althoughand%i(t) for sample M1 having porosity=0.45. The con-

generally speaking it is easy to evaluate tortuosity fromtribution of %(t) to reflection is negligible when compared

transmitted wave$*?°2?! this is not the case for porosity to the contribution of (t). In Fig. 5 we show by numerical

because of its weak sensitivity in the transmitted mode.  Simulation, the difference between the reflected wave at the
first interface, and the total reflected wave for the sample M1

il
3 ---_---_.G_I:::
jm} . . >
3 Triggering
P L
ES -
=1
I
< s
‘ . . ‘ . HFEF-PA D.O C
0.005 001 0015 002 0.025

Time (ms)
FIG. 6. Experimental setup for ultrasonic measurements in reflected mode.

FIG. 5. Reflected wave at the interfaxe: 0 (solid line) and total reflected  P.G: pulse generator, H. F. F-P. A: high frequency filtering-preamplifier,
wave (dashed ling D.O: digital oscilloscope, C: computer, T: transducer, and S: sample.
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0.09F
0.081
0.07
0.061
0.05¢
0.04r
0.031
0.021
0.01r

Amplitude (a.u.)

100 150 200 250 300
Frequency (KHz)

| | FIG. 9. Spectrum of experimental incident sig(solid line) and of experi-
1mm mental reflected signdtlashed lingfor §=25°.

FIG. 7. Sample of random packings of glass beads M2.

(1-r2)(1+rl)cosé,\? _

(1+r2)(1-rl)coshl Si? 6, = sirr 6,
(1-r2)(1+rl)cosé, 2_

(1+r2)(1—r1)coshl

having porosity¢p=0.45. The difference between the two A=
curves is negligible. This means that the wave reflected by
the sample may be approximated by the reflected wave at the
first interfacer (t) with a high level of accuracy.

(20

Knowing the value of tortuosity, we deduce the expression of
the porosity function fordl andrl by the expression

IV. ULTRASONIC MEASUREMENT
a,(1—rl)cosé,

In this section, we measure tortuosity and porosity ¢= - , (21
knowing the reflection coefficient at the first interface for (1+11)Va.—sin’ 6,
different values of angle of incidenag Expression of the
reflection coefficient at the first interface is given by

e ., cosO— ¢a,.—sir? 6 19 b a,(1—r2)coso, 22
= .. oSO+ p\Ja,.—Sit 6 (1+r2)Ja,—sir? 6,

For two values of the angle of incidenég and 6,, it is

i lculate the expression of the tortuosity function for In application of this model, some numerical simulations
easy 1o calculate the expression ot tn€ tortuosity function ot .o compared with experimental results. Experiments are
reflection coefficients 1 andr2 corresponding, respectively,

performed in air using two broadband Ultran NCT202 trans-
to anglesf, and 6,:

or expression of the porosity function fé, andr2:

Amplitude (a.u.)
Amplitude (a.u.)

53 531 532 533 534 133 134 135 136 137 138
Time (ms) Time (ms)

FIG. 8. Experimental incident signéolid line) and experimental reflected FIG. 10. Experimental incident signédolid line) and experimental reflected
signal (dashed lingfor 6= 25°. signal (dashed lingfor 6=66°.
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0.05F TABLE II. Values of the tortuosity and porosity calculated for each pair of
incidence angle®, and 6, .

0.04 Angle of incidenced, /6, (deg Tortuosity Porosity

) 27.5/41.6 1.784 0.433

8 0.03F 27.5/44 1.792 0.433

3 27.5/57.2 1.889 0.443

2 27.5/66.6 1.884 0.443

g 0.02f 30/41.6 1.84 0.437

< 30/44 1.838 0.437

\ 30/57.2 1.917 0.445

0.01t N 30/66.6 1.903 0.443

) o~ 41.6/44 1.829 0.436

/. /I’ . N S _ 41.6/57.2 1.94 0.446

%6 100 150 200 250 300 350 41.6/66.6 1.924 0.444

Frequency (KHz) 44/57.2 1.983 0.448

44/66.6 1.932 0.444

FIG. 11. Spectrum of experimental incident sigsblid line) and of ex- 57.2/66.6 1.885 0.443

perimental reflected signétlashed lingfor 6=66°.

) o transduce(solid line) and the signal reflected by the sample
ducers' with a central frequency of 190 kHz in air and ay;» (dashed lingfor an angle of incidence=66°. Figure 11
bandwidth of 6 dB extending from 150 to 230 kHz. 400 V ghqws their spectra. Here, again, we can conclude from the
pulses are provided by a S052PR Panametrics pulseffyq spectra that there is no dispersion. This concurs with the
receiver. The signals received are amplified to 90 dB angheory below which predicts that the wave reflected from the

filtered above 1 MHz to avoid high frequency noise. Elec-firs; interfacex=0 is measured and simply attenuated by the
tronic interference is removed by 1000 acquisition averagesgcior

The experimental setup is showed in Fig. 6. Signal duration
is important as its spectrum must verify the condition of high(aw cosf— d)\/m)/(aoc cosf+ d)\/m)'
frequency approximation referred to in the previous section.

Take a sample of random packings of glass beads, M2,

W'th_4the following ~ parameters: resistivityo=12300  ;5ing Egs(20) and(21) for each pair of the incidence angles
Nm™*s, diameter 0.£0.02 mm, A=90 um, and 4 andg,. It can be seen in Tables | and Il that the calcu-
A’=180 um. Figure 7 shows the sample of random pack-j5teq values of the porosity and tortuosity are nearly con-
ings of glass beads M2. _ stant. Two pairs of angle 25.3°-27.5° and 27.5°-30° give

Figure 8 shows the incident signal generated by th&nacceptable values of the tortuosity. This could be caused
transducesolid line) and the signal reflected by the sample ,y, e great sensitivity of the tortuosity to small variations of
M2 (dashed lingat an angle of incidencé=25°. Figure 9 16 incidence angle, and so these results can be explained by
shows their spectra. From the spectra of the two signals, theyperimental errors. The average tortuosity obtained from
reader can see that they have the same bandwidths, whighase measurements is,=1.87 and the average porosity
means there is no dispersion. obtained is¢=0.44.

Figure 10 shows the incident signal generated by the

Tables | and Il give the tortuosity and porosity calculated

TABLE I. Values of the tortuosity and porosity calculated for each pair of
incidence angle®, and 6, . = 0.5
Angle of incidenced, / 6, (deg Tortuosity Porosity ‘g 0.4t
0/25.3 1.817 0.435 ;8
01275 1.893 0.444 % 0.3}
0/30 1.815 0.435 3
0/41.6 1.828 0.436 S 0.l
0/44 1.828 0.436 5"
0/57.2 1.890 0.443 5
0/66.6 1.886 0.443 c 0.1
25.3/27.5 2.45 0.498
25.3/30 1.81 0.434 ot . . . .
25.3/41.6 1.83 0.437 0 20 40 60 80
25.3/44 1.833 0.436 Angle (deg.)
25.3/57.2 1.906 0.444
25.3/66.6 1.897 0.443 FIG. 12. Simulation of variation of the reflection coefficiésoblid line) with
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APPENDIX: GREEN FUNCTION OF THE MEDIUM

08 The Green function of the propagation K6) is given in
0.6 Ref. 7 by

5 04 0 if 0<t<k

8 02 — t—k

3 F(tk) E(t)+AJ h(t,£)dé, if t=k,

s 0 0

g -02 with

<

-0.4
-0.6
-0.8

Pk p(_ b’zkz)
SR NIt et B TSI

whereh(r,£) has the following form:

53 5.31 5.I32 5.&33 5.&34 5.235
Time (ms) 1 1 1

h(& )=~ 5 s
’ 2 2_ 112 £312
FIG. 13. Comparison between experimental reflected sigmdild line) and 4 (1=§°—k 53/

simulated reflected sign&flashed lingfor 6=25°.
1 X( My T, 5) ) Md,lL
X exp ———— 7 éE) 1] —,

. . ._and where
Figure 12 shows the experimental data for the reflection

coefficient at different angles of incidenée and simulation X, 7,8) =[AuN(7— )~ k*+b' (71— §)]%/8¢,
of the variation in reflection coefficient with the angle of b’ =B 7
incidence ¢ at a tortuosity ofa.,=1.7 and porosity¢ v
=0.44. The porosity of the glass bead, M2, given by theand
porosimetettis ¢=0.4+0.1, and the tortuosity given by the A=b'?2—4c¢’,
classical methotf***is ., =1.9£0.2,s0 it can be seen that  \ ks, = andh(¢,7) tends to zero, then the Green

the slight difference between the porosity and tortuosity meag | tion F(t,k) also tends to zero
i , .
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