which has been attained for liquid diffusivity measure-
ments with the wedge interferometer by Duda et al
(1969). The only significant disadvantages of the tech-
nique are the fact that it is probably more difficult to
carry out an experiment with this apparatus than with
the equipment utilized in previous investigations and the
fact that accurate diffusivity data must be available. How-
ever, such data can be generated from appropriately
conducted free diffusion experiments by using the wedge
interferometer.
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NOTATION

d = wedge thickness

D = binary mutual diffusion coefficient

L = membrane thickness

n = refractive index

na = mass flux of alcchol with respect to a fixed ref-
erence frame

nw = mass flux of water with respect to a fixed refer-
ence frame

n, = refractive index along a fringe at position z

ny = refractive index of solution used for reference
free-diffusion experiment

n, = refractive index of flowing solution

q = quantity defined by Equation (8)

X = quantity defined by Equation (14)

y = distance variable parallel to membrane
Y Y1, Y2, Y = fringe positions defined in Figure 3
Y = quantity defined by Equation (18)

z = distance variable normal to membrane
Zo = reference position in diffusion field

Greek Letters

by = wavelength of monochromatic light

v = integer

p = total mass density of binary liquid phase solution
¢ = distance of reference line from wedge axis

ws = mass fraction of alcohol

ow = mass fraction of water

wwo = mass fraction of water at z,
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Prediction of Transport Processes Within
Porous Media: Diffusive Transport Processes
Within Anisotropic or Isotropic Swarms

of Nonspherical Particles

The effects of particle shape and orientation upon diffusive transport
processes occurring within unconsolidated porous media are investigated
analytically. By means of a generalization of an earlier presented geometric
model, diffusivities are predicted for both anisotropic systems (repre-ented
by swarms of aligned oblate or prolate spheroids) and isotropic systems
(represented by swarms of randomly orientated spheroids). Theoretical pre-
dictions are compared with experimental data reported in the literature,

Correspondence concerning this paper should be addressed to W. K.
Nader.

Page 182 January, 1976

G. NEALE
and
W. K. NADER

Chemical Endineering Department
The University of Alberta
Edmonton, Canada

AIChE Journal (Vol. 22, No. 1)



SCOPE

The principal objectives of this work are to gain insight
into and to predict the effects which particle shape and
orientation have on diffusive transport processes (notably
molecular diffusion, ionic diffusion, and electric conduc-
tion) occurring within unconsolidated porous media.

In practice, many porous media are anisotropic, being
composed of preferentially orientated particles far removed
in shape from the spherical geometry, for example, sand
beds consisting of flattish or elongated particles. A fair
representation of such anisotropic systems may be provided
by a homogeneous swarm of aligned particles possessing
the shape of oblate or prolate spheroids, respectively. The
spheroid appears to be the most advantageous generalized

geometry for this study because spheroids approximate a
vast range of physically important shapes (ranging be-
tween such extremes as thin circular disks and slender cir-
cular cylinders) and because the mathematical model based
upon the spheroid lends itself to a rigorous mathematical
treatment.

This analysis seeks to achieve the above-mentioned ob-
jectives by generalizing the geometric model proposed
earlier for spheres (Neale and Nader, 1973, 1974) and ex-
tended recently to the case of cylinders (Neale and Mas-
liyah, 1975) to the case of aligned spheroids. Also con-
sidered is the case of isotropic systems composed of spher-
oids orientated randomly without preferred orientation.

CONCLUSIONS AND SIGNIFICANCE

A new geometric model for studying transport processes
within isotropic porous media composed of spherical parti-
cles was recently proposed (Neale and Nader, 1973, 1974).
This model proved particularly useful as it produced suc-
cessful predictions not only for diffusive transport proc-
esses but also for creeping fluid flow.

However, not all unconsolidated porous media can be
represented, even approximately, by a swarm of spherical
particles. Indeed, the constituent particles of many porous
media are distinctly nonspherical, often being flattish or
elongated in shape. Such systems are markedly anisotropic
when the particles are similarly orientated but may well
be isotropic when they are orientated randomly according
to a uniform distribution.

The model proposed previously for spheres cannot be ex-
pected to provide satisfactory predictions for porous media
composed of distinctly nonspherical particles. That model
has therefore been generalized to accommodate particles
having the shape of spheroids (ellipsoids of revolution);
spheroids possessing various eccentricities serve as fair rep-
resentations of a vast spectrum of convex particle shapes,
ranging between such extremes as those of thin circular
disks (flakes) and thin circular cylinders (rods, fibers).

Based upon this generalized model, a theory has been de-
veloped which permits the quantitative study of diffusive
transport processes occurring within the interstices of a
broad class of anisotropic unconsolidated porous media.
Predictions are presented here for the effective diffusivity
{electric conductivity) of anisotropic systems composed of
aligned oblate spheroids [Equations (20) and (21), Figure
3] or aligned prolate spheroids [Equations (24) and (25),
Figure 4], and for isotropic systems composed of randomly
orientated spheroids [ Equation (31) and Figures 5 and 6].
The numerical values predicted by the theory are in good
agreement with the rather sparse experimental data avail-
able in the literature (Figure 7).

The theory developed here should find useful application
in the numerous areas where anisotropic porous media are
encountered in practice. Notable examples of anisotropic
media include many catalyst beds, filter cakes, sewage sedi-
ments, river beds, petroleum reservoir rock formations and,
among others, the drilling muds and mud cakes used in the
drilling of oil wells. Moreover, the analysis presented here
indicates that anisotropic porous media are amenable to
mathematical modeling, and this may encourage further
research into this practically important, but hitherto rather

neglected, field.

ANISOTROPIC POROUS MEDIA

One considers an isotropic porous medium to behave as
a macroscopically quasihomogeneous mass. Therefore, dif-
fusion within an anisotropic porous medium is governed by
the generalized form of Fick’s law:

q = — D grad(c) (1)*

where q denotes the diffusive flux vector, ¢ the concentra-
tion of the diffusing species, and D the symmetric, second-
order diffusivity tensor. In a Cartesian frame of reference
[x, y, z], the matrix associated with the diffusivity tensor
has the form (Rice et al., 1970):

sz D:ry sz
D;,;y Dyy Dyz

xz Dyz Dzz

(2)

® Equations analogous to (1) to (5) describe electric conduction
through liquid saturated porous media composed of nonconducting par-
ticles upon replacing g by i (the current density), D by K (the electric
conductivity), and ¢ by V (the electric potential). In fact, the whole suc-
ceeding analysis remains valid for electric conduction provided surface
conductence effects (Dukhin and Derjaguin, 1974; Levine et al, 1975)
may be disregarded. The analysis is not valid for hydrodynamic flow.
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When the Cartesian frame of reference is space rotated so
that the axes become collinear with the mutually orthogo-
nal characteristic directions of the above matrix, that is,
collinear with the principal axes of the anisotropic porous
medium, the matrix becomes diagonal:

D, 0 0
0 D, 0
0

0 D,

(3)

where D, = D,,, Dy = Dy, and D, = D,, denote the ob-
served macroscopic diffusivities in the principal %, y, and z
directions, respectively.

Porous Media Composed of Aligned Spheroids

Having discussed the nature of the tensor D, we can
return to the original problem of interest, namely, the
study of diffusion (electrical conduction) through a homo-
geneous swarm of aligned spheroids.

An oblate (or prolate) spheroid is generated when an
ellipse is rotated about its minor (or major) axis and may
be visualized as a sphere which has undergone a flattening
(or elongating) deformation. Figure la depicts a homo-
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(A) (8)

Fig. 1. Homogeneous swarm of aligned spheroids: (a) oblate spheroids,
(b) prolate spheroids.

o
>
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qf Ao
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> POROUS
~ MASS
Q
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Fig. 2. Proposed model for homogeneous swarm of aligned oblate
spheroids. (The case of axially symmetric diffusion is shown here.)

geneous swarm of impermeable oblate spheroidal particles
possessing an arbitrary size distribution, each having
identical shape as specified by the eccentricity e [e =
length of minor axis/length of major axis], aligned such
that the axis of revolution of each spheroid is collinear with
the x direction (Figure 1b depicts the dual system of
aligned prolate spheroids). In these systems, the x direc-
tion represents the preferred direction of symmetry of the
entire system. In either case it follows necessarily that

D,=D, (4)
and the diffusivity matrix assumes the simpler form
D, 0 0 )
0 D, 0 J (5)
0 0 Dy

In fact, the diffusivity in any direction parallel with the
yz plane must be equal to Dy. Hence, in order to extract
complete information concerning diffusion through such an
anisotropic system, the determination of both D, and D,
will suffice. In the preferred Cartesian frame of reference,
the diffusive flux vector is given by g4, 9y, §.] = [—D:Ga,
—D,G,, —D,G.] by using the components of grad(c) =
[Ga Gy G

Proposed Model for Aligned Spheroids

According to the earlier published geometric model for
a homogeneous swarm of spherical particles having poros-
ity e (Neale and Nader, 1973, 1974), one selects any typi-
cal reference particle and surrounds it with a concentric
spherical shell of pore space having an outer diameter such
that the porosity of the unit cell (comprising reference
particle and shell) is equal to that of the original particle
swarm. This unit cell is considered to be embedded within
a homogeneous porous mass of porosity equal to e. One im-
poses a uniform field upon the entire system and studies
the circumstances caused by this field.
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The suggested two-region matching principle of model-
ing was to solve the requisite differential equations within
both the unit cell and the exterior porous mass, requiring
that these two solutions comply with realistic boundary
conditions and uniformity conditions at the boundaries.

It was then shown that for diffusive transport processes,
the macroscopic field within the exterior porous mass re-
mains everywhere undisturbed (Neale and Nader, 1973).
For the hydrodynamic problem of creeping liquid flow, the
macroscopic flow field within the exterior porous mass was
found to be slightly disturbed in the vicinity of the unit
cell (Neale and Nader, 1974).

Another, actually more demanding, one-region principle
of modeling requires that the macroscopic field within the
exterior porous mass must everywhere remain undisturbed
and that the solution of the single differential equation
within the unit cell must properly match with the macro-
scopic field at the outer boundary of the unit cell. Accord-
ing to the above remark, the two principles of modeling
yield identical results when applied to diffusive transport
processes.

The modeling procedure for aligned spheroids is entirely
analogous to that summarized above for spheres. Thus, for
the system of oblate spheroids depicted in Figure la, one
selects any typical reference spheroid and postulates that
this particle, together with its associated pore space
(most logically represented in the theory by a contfocal
spheroidal shell), sees the remainder of the system as a
homogeneous exterior porous mass of porosity equal to that
of the original system; this modeled system is illustrated in
Figure 2. For the system of prolate spheroids depicted in
Figure 1b, a corresponding model is employed but is not
separately illustrated here. )

We propose to solve the modeled system depicted in
Figure 2 for the three distinct cases corresponding to a
uniform diffusive field @ imposed separately upon the sys-
tem in each of the three principal directions, x (illustrated
in Figure 2), y, and z. By the above remark, either of the
two basic principles of modeling may be employed. The
detailed development following the two-region matching
principle is presented elsewhere (Neale, 1972). In this
work, we shall employ the more demanding one-region
principle of modeling, as it actually affords a much sim-
pler mathematical treatment.

THEORY
Solution for Aligned Oblate Spheroids

The equation governing steady state diffusion (electrical
conduction) within the shell of pore space is Laplace’s
equation:

V¢ =0 (6)

We seek the solution of the boundary value problem speci-
fied by Equation (6) together with realistic, compatible,
and sufficient boundary conditions, using oblate spheroidal
coordinates [£, 7, ] (Moon and Spencer, 1961).% Denot-
ing by 0 the angle between the direction of q; and the —x
direction (see Figure 2), we can formulate the boundary
conditions

as €&, qe—>0 (7)
as £ &, gg—> — Qcosd (8)

# Cartesian goordinates [x, y, z] are related to oblate spheroidal co-

ordinates by

x = a sinh{ sinn

y = a coshé cosn cosd

z = a cosh€ cosn sind
where £ = 0; —7/2 =1 = 71/2; 0 £ ¢ < 27. The quantity a denotes
the distance between the trajectory of the focus [0, a, 0] and the geo-
metric center [0, 0, 0] of the spheroid. Surfaces of constant £ comprise
a family of confocal oblate spheroids.
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where g¢, the flux component normal to surfaces of con-
stant £, is given by the appropriate form of Fick's law, q =
— D grad(c); namely

1 dc
-——-p—— =
qe me OE

where m; = a\/simh% -+ sin%y.
From fundamental geometry of the oblate spheroid, it
can be shown that

cosf = — cosh¢ siny/~/sinh?¢ + sin%y (9)

cosf = — sinh¢ cosy cosdp/N/sinh?€ + sin2y  (10)

for flow in the x direction and the y direction, respectively.

General solutions of Equation (6) for diffusion parallel
to the x direction (axial symmetry case) and tor diffusion
perpendicular to the x direction may be extracted from
fundamental series solutions developed by Lamb (1932).
The particular solutions which satisfy Equations (6) to
(10) may be verified to be as tollows:

For ditfusion in x direction

g(&0) — (&)
g(fo) - g(fl)
) £l6) —8(@)
¥ g(&) — glér)

where ¢, is the constant, reference concentration in the
plane 5 = 0.
For diffusion in y direction

h(go) - g(f)
h(£) — h(&1)

or

¢ =c¢,— (aQ/D) sinh¢ sing  (11)

g: = (aQ/m coshf sing  (12)

cosh¢ cosy cos¢

(13)

C = Co— (aQ/D)

h(§o) — h($)
h(¢) — k(&)

where here ¢, is the constant: concentration in the plane

= «/2. The solution for diffusion in the z direction is
given by Equations (13) and (14) upon replacing each
cos$ by sing. The functions f(¢), g(¢), and h(§) possess
the following forms:

g: = (aQ/mg) sinh¢ cosn cos¢ (14)

f(&) = prm cot™! (sinh¢) (15)
gl&) = cs::l}llff — cot~! (sinh¢) (16)
h(€) = 2f(¢) — g(¢) (17)

According to the basic modeling principles enunciated
above, the drop in concentration between any pair of
points A and B, each located on the cell surface ¢ = ¢; as
well as on the same flux line (Figure 2), must be given
not only by Equations (11) or (13) but also by the ap-
propriate macroscopic form of Fick’s law; that is

Q = Dz (CA —_ CB)/L

for diffusion in the x direction (where L = 2a sinh¢; siny
denotes the rectilinear distance between A and B) and

Q:Dy (CA—CB)/L (19)

(18)

for diffusion in the y direction (where now L = 2a cosh ¢;

cosn cosd) .
Evaluation of D, from Equation (18) with (11), and
Dy from (19) with (13), yields the sought predictions:
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g(&) — alén)
M=D/D=2""__2">"

g(&) — (&) (20
v = DD = M) = &) o

h(é) — g(&1)

where \ is termed the diffusivity factor (Neale and Nader
1973) or the diffusibility (van Brakel, 1975). The appro
priate value of &, is uniquely specified in terms of the ec
centricity ¢ by

£, = tanh—le (22)

The coordinate description of the outer envelope of the
unit cell, § = £, is obtained according to the requiremen
that the void fraction of the unit cell be equal to the
macroscopic void fraction e of the original system of
ls)pheroids. Thus, it follows that ¢, &, and e must be related
Y
2
sinh3¢; + sinhé; — M =0 (23)
- €
Equations (20) to (23) together provide explicit predic-
tions for Ay and Ay for systems of aligned oblate spheroids
(unfortunately, closed form expressions in terms only of ¢
and ¢ could not be derived).

Sclution for Aligned Prolate Spheroids

Rather than retracing the process of solution using pro-
late spheroidal coordinates, one can proceed more directly
by making avail of the preceding results for oblate spher-
oids together with a standard mathematical transformation
(Lamb, 1932). Thus, Equations (11) to (23) become
valid for aligned prolate spheroids upon replacing every a
by —ia, every sinh¢ by icosh¢, and every cosh¢ by isinh¢

(where i2 = — 1). In this manner, we obtain
G -G
)\I:Dx/D:—-(—é:O)—Ql) (24)

G(fo) - F(fl)

H(t,) — H(&)
, = Dy/D = o) = &)
St e TP NCTrY (25)

where
1
F(¢) = T coth—! (cosh¢) (26)
= SO oth™1 (cosh 27)
= b co cosh§) (
H(¢) = 2F(¢) — G(¥) (28)

inh? [ h, o
cosh3¢; — coshg; — %o COSo f coshé =0 (29)
— €

with £, being defined by Equation (22).

Proposed Solution for Isotropic Swarm of Randemly Orientated
Spheroids

Sedimented media composed of nonspherical particles
are generally anisotropic, since the particles would usually
have settled with some preferred orientation. In contrast,
systems of nonspherical particles in which the particles
display no preferred orientation (that is, are randomly ori-
entated ), such as suspensions, will be inherently isotropic.
Such isotropic systems ought to be represented by a swarm
of randomly oriented, rather than aligned, oblate or prolate
spheroids.

The solution for a system of randomly orientated
spheroids may be constructed by a superposition of the
three principal solutions for the aligned case (Rice et al.,
1970). Since 1/\ is a direct measure of the resistance of
a porous medium to diffusion (or electrical conduction),
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Fig. 3. Predicted dependence of A; and Ay on e for oligned oblate
spheroids.
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Fig. 5. Predicted dependence of Ls on ¢ for randomly orientated
oblate spheroids.

the following estimate may be made for the diffusivity
(conductivity) factor Az of a system of randomly orientated

spheroids:

11 11 11
11, 1. 172 (30)
3 A B a3 N
Thus
1 11 21
e = (31)
3 A3

since A = Ay, where ), and A, are defined by Equations
(20) and (21) for oblate spheroids and by (24) and (25)
for prolate spheroids.

COMPUTED RESULTS

Aligned Oblate Spheroids

Figure 3 presents the A, = Az(e) and Ay = My(e) rela-
tionships predicted by Equations (20) and (21) for sev-
eral representative systems of aligned oblate spheroids. For
any specific eccentricity e, it may be observed that Ay = \y;
also, that A is far more affected by eccentricity than is Ay.
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Fig. 4. Predicted dependence of A; and Ay on e for aligned prolate
spheroids.

This is especially evident for e < 0.5, that is, for flattish
particles.

For the particular case defined by e = 1.0, the oblate
spheroids are spherical, and the predictions offered here
are in accord with those developed specifically for spheres
(Neale and Nader, 1973), namely

e =My = 2¢/(3 — ¢) (32)

For the specific case e — 0, that is, for an aligned swarm
of very thin circular disks, the present predictions are
M—0 (33)

(34)

This representation of a porous medium constitutes a plate
type of model.

Ay—> €

Aligned Prolate Spheroids

Figure 4 presents the Ay = M;(e) and Ay = Ay(e) rela-
tionships predicted by Equations (24) and (25) for repre-
sentat.ive systems of aligned prolate spheroids. For any
specific eccentricity e, it may be observed that A; = Ay
however, in contrast to the preceding case for oblate
spheroids, A, is only slightly more dependent upon e than
is Ay.

The predictions for e = 1.0, that is, for spheres, are once
again given by Equation (32). However, for e — 0, that
is, for an aligned swarm of very thin circular cylinders, the
predictions are as follows:

o (35)
A= e/ (2 — ¢€) (36)

This representation of a porous medium constitutes a co-
axial cylinder type of model.

Equation (35) actually constitutes the exact solution for
diffusion parallel to very long aligned cylinders. Moreover,
Equation (36) constitutes a truncation of Lord Rayleigh’s
(1892) exact solution for conduction perpendicular to
monosized circular cylinders arranged in a square pattern,
namely

e—031(1—e)¢t— ...

Ay =
YT 2 e—031(1— et — ...

[for e > 0.2146]
(37)
The prediction (37) is displayed in Figure 4. It must be
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TABLE 1. PREDICTIONS FOR RANDOMLY ORIENTATED 'SPHEROIDS
(AFTER FRICKE, 1924)

A
e Oblate Prolate
1.0 2.000 2.000
0.9 1.994 1.995
0.8 1.974 1.979
0.7 1.931 1.950
0.6 1.854 1909
0.5 1.730 1.854
04 1.541 1.786
03 1.271 1.707
0.2 0911 1.623
0.1 0.474 1.545
0.0 0.000 1.500

emphasized that Rayleigh’s classic solution was derived for
a system of coaxial, monosized circular cylinders arranged
in a square pattern, for which 0.2146 represents the mini-
mum attainable porosity [note that Equation (37) pre-
dicts that Ay — 0 in the limit ¢ — 0.2146]. However, for
aligned cylinders possessing a sufficiently wide distribution
of size, arbitrarily low values of the porosity can be re-
alized.

It is appropriate to mention here that knowledge of the
ratio A;/Ay for a porous medium provides a direct measure
of the extent of its anisotropy. The presented results have
additional significance in that anisotropic porous media
may now be quantitatively constructed in the laboratory
from disklike or rodlike particles (approximating oblate or
prolate spheroids, respectively), an estimate of the re-
quired eccentricity of these particles being obtained by in-
spection of Figure 3 (for disks) or Figure 4 (for rods).

Randomly Orientated Oblate Spheroids

Figure 5 displays the Az = Az (e) relationship predicted
by Equation (31) for several representative systems of ran-
domly orientated oblate spheroids. It is obvious that Az is
strongly affected by the eccentricity.

The solution for e = 1.0 (spheres) follows immediately
from Equations (31) and (32); namely

Az = 2¢/(3 —¢) (38)

a result which is to be anticipated since spheres do not
possess a preferred axis of orientation.

The solution for ¢ —> 0 (thin circular disks) follows di-
rectly from Equations (31), (33), and (34); thus

Ay —> 0 (39)
which is to be expected from physical considerations.

Randomly Orientated Prolate Spheroids

Figure 6 displays the Az = Az (e) relationship for systems
of randomly orientated prolate spheroids of various eccen-
tricities. The dependency of Az on eccentricity is surpris-
ingly mild compared with that for oblate spheroids.

For ¢ = 1.0 (spheres), the prediction for Xz is given
again by Equation (38), as required.

The solution for ¢ — 0 (thin circular cylinders) follows
from Equations (31) with (35) and (36), but cannot be
anticipated:

Az —> 3¢/ (5 — 2¢) (40)

PREVIOUS WORK

No work appears to have been reported to date concern-
ing diffusive transport processes within an anisotropic
system composed of aligned spheroids. However, Fricke
(1924) did extend Maxwell’s classic theory (concerning
electric conduction through a dispersion of spheres) to the
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Fig. 6. Predicted dependence of Ly on e for randomly orientated
prolate spheroids.
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Fig. 7. Predicted results for randomly orientated prolate spheroids:
comparison with experimental data.

case of randomly orientated spheroids. From considerations
of the potential of a single spheroid in space, he developed
the following formula for a low concentration dispersion of
nonconducting spheroids within a conducting medium:

M =A/(A+1—¢) for e~10 (41)

the parameter A being a function of eccentricity alone.
Some specific values of A for different shapes, as computed
from Fricke’s complicated formulas, are presented in Table
1 for reference. Fricke himself was of the opinion that his
predictions were rather high, considerably so for oblate
spheroids.

The predictions offered here agree identically with those
of Fricke in the limit as e — 0. This is to be expected, since
each theory then considers a single spheroid in unbounded
space. Furthermore, total agreement of the predictions is
observed for the extreme values of the eccentricity, for
both ¢ = 0 (spheres) and ¢ — 1 (thin circular disks for
oblate spheroids, and long circular cylinders for prolate
spheroids).
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Figure 7 displays the experimental electric conductivity
data of De la Rue and Tobias (1939) for a dispersion of
randomly orientated cylinders possessing a diameter to
length ratio of 0.1. Now, such cylinders are well approxi-
mated by prolate spheroids possessing an eccentricity of
0.1. The results predicted by Equation (31) for randomly
orientated prolate spheroids of e = 0.1 can be seen to
conform closely with the presented data, lending support
to the realistic nature of the proposed geometric model.
Unfortunately, no comparable experimental data on aniso-
tropic particulate systems appears to be available in the
literature at the present time.

SUMMARY

The presented results demonstrate that the proposed
geometric model offers a satisfactory representation not
only of an isotropic swarm of spherical particles but also
of an important class of anisotropic porous media, namely,
those composed of aligned disklike or rodlike particles
(represented in the theory by oblate spheroids or prolate
spheroids, respectively).

It has been demonstrated that swarms of aligned spher-
oidal particles possessing an eccentricity of less than 0.5
are markedly anisotropic, although this is much more in
evidence with oblate than with prolate spheroids. The
predictions for A; and Ay should prove to be useful in those
areas in which diffusivity (electrical conductivity measure-
ments are made on unconsolidated anisotropic porous
media.

A study has also been made of diffusion (electrical con-
duction) through isotropic porous media composed of ran-
domly orientated disklike or rodlike particles. Such systems
are often encountered when one deals with particulate sus-
pensions. The diffusivity (conductivity) factor As of such
systems has been shown to be strongly influenced by the
shape (eccentricity) for disklike particles, but surprisingly
weakly influenced by the shape (eccentricity) for rodlike
particles.

It must be reiterated that the theory presented here is
valid for electrical conduction only when the contribution
to the electric current due to surface conductance is negli-
gible. Surface conductance is a direct consequence of the
separation of electric charge which usually takes place
when a solid surface comes into contact with an electrolyte
(Dukhin and Derjaguin, 1974; Levine et al., 1975). Gen-
erally speaking, the effects of surface conductance can be
neglected when we deal with concentrated electrolytes, but
not when we deal with weak electrolytes (for example,
plain water).
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NOTATION

distance between trajectory of focus and geo-
metric center of spheroid

&
I

¢ = concentration of diffusing species

D = absolute diffusivity of diffusing species in free
fluid

D; = observed macroscopic diffusivity in principal di-
rections of porous medium (i = %, y, z)

e = eccentricity of spheroid (= length of minor axis/
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length of major axis)

f(€), g(€), h(¢) = tunctions of ¢, defined in Equations
(15) to (17)

F(&), G(€), H(¢) = functions of ¢, defined in Equations
(26) to (28)

q = diffusive flux vector

Q = magnitude of uniform mainstream diffusive flux
[%, y, 2] = Cartesian coordinates

€ = porosity of porous medium

A = diffusivity (conductivity) factor, defined in Equa-

tions (20) and (21)
[£, m, ] = spheroidal coordinates

Subscripts
o = reference spheroid
1 = outer surface of unit cell

x, y, z = properties of anisotropic porous medium in the
principal directions, x, y, z, respectively

¢, m, ¢ = directions orthogonal to surfaces of constant ¢, 1,
¢, respectively

b = randomly orientated nonspherical particles
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