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Abstract—The ratio between the effective bulk diffusion coefficient in macroporous media and the
diffusion coefficient in the absence of the porous medium is analysed in terms of the porosity, the
tortuosity and the constrictivity. The necessity of distinguishing these three parameters is supported by the
description of diffusion in partly saturated homogeneous isotropic monodisperse sphere packings.
The results are generalized to bulk diffusion in all homogeneous isotropic porous media in the
porosity range 0—50 per cent.

NOMENCLATURE
A,  area[m?];
c molar density [molm™3];
D;;, diffusion coefficient of component i in com-
ponent j [m?s™'];
Doy, effective diffusion coefficient [m?s~'];
L, length parameter of porous medium [m];
M, molecular weight of component i [kgmol™'];
N; molar flux of component i relative to station-
ary coordinates [molm™?s™'];
Q, diffusibility;
q, matrix factor;
Ry}, = Ni/N it
u, liquid content of porous medium [vol. %];
Xi, mole fraction of component i;
o, angle;
B, ratio of maximum and minimum cross section
of a pore space segment;
4, constrictivity;
g, porosity; .

G, molecular diameter of component i [m];
T, tortuosity.

Subscripts
A, B, species A, B;
S, surface;
Vv, volume.

INTRODUCTION
IF DIFFUSION takes place in porous media the effective
diffusion coefficient, D.4, is lower than the diffusion
coefficient, D 45, in the absence of a porous medium.

Following Hoogschagen [1] we will call the ratio
Dt /D 4 the diffusibility, Q, of the porous medium.

In order to predict the diffusibility many equations,
based on pore space models or empirical correlations,
have been proposed; the general tendency being to try
to give Q as a unique function of the porosity, &. The
disadvantage of most models is that they contain at
least one adjustable parameter that cannot be estimated
independently. Hence the sense of developing such
models can be disputed [2-4]. Moreover, in general,
the experiments do not differentiate between different
models [5]. Therefore there is no need for still more
complicated models, with still more adjustable par-
ameters, especially if there is no sound physical basis
for such models.

The fact remains, however, that the diffusibility can
be very different for one porous medium or another.
The central theme of this paper will be that to account
for this it is necessary to introduce, apart from the
influence of the porosity, a tortuosity and a con-
strictivity factor. None of these terms is new, but the
discussion about the influence of these pore space
characteristics is highly confusing; especially the term
tortuosity is used for almost any concept related to the
characterization of the pore space.

These factors must have a sound physical meaning
including independent methods to determine them.

Unless otherwise stated, the discussion will be re-
stricted to (bulk, molecular) unidirectional binary gas
diffusion in homogeneous, isotropic macroporous
media with a continuous pore space. Total pressure or
temperature gradients are assumed to be absent.
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THEORETICAL CONSIDERATIONS
The diffusion equation
If for a homogeneous and isotropic porous medium
it is assumed that the number of collisions of the
molecules among themselves is much higher than the
number of collisions with the wall (hence bulk diffusion)
it can be derived that [6,7]:

—cD.g grad x,

Ny= ity

XsRpq+ X3
with Rg, = — Np/N,. Further, the diffusibility, Q, in
Der = QD 4 (2)

is determined only by the structural properties of the
porous medium. That is to say the general properties
of gas transport derived from the Boltzmann equation
do not depend on the special shape of the solid
surfaces; only the numerical coefficients change.

Furthermore, according to the derivation of equation
(1), Rz, is independent of the pore space stereometry
and, assuming hard sphere molecules, [6]:

M, op
R () ®)

Hence the mass transport can be determined a priori
except for the value of Q. The study of Q is the
subject of this paper.

Proposed expressions for Q

The presented expressions for Q can be divided into
three classes: (i) empirical correlations, (i) semi-
empirical equations based on a pore model, and (iii)
theoretical expressions.

(i) All empirical correlations express Q as a function
of &. Some representative examples are given in Table 1.

Table 1. Empirical correlations for the diffusibility

Dependence

Author, yr of Qone Remarks
Buckingham [8],

1904 &? soils
Penman [9], 1940 0-66¢ soils;: 0 < e < 06
various, cf. [10], ac+b a=05324097

1948-1952 b= -01323004
Van Bavel[11],1952  0-58¢

Currie [10], 1960 ye*
Satterfield [12], ae
1970

O<e<l;y=08-1
catalysts:
a = 014-0-33

(i) The equations falling in this class all take the
form Q = ye*, in which ¢ is generally said to represent
the influence of the smaller cross sectional surface
available for diffusion.

Mostly 4 is set equal to 1 and then, introducing g
called the matrix factor, the relation between Q and ¢
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can be given as
0==2.
q
Many variants of equation (4) are presented in the
literature.

(iti) Strictly theoretical equations for Q have been
derived for porous media of which the solid phase is
dispersed in the form of spheres or other regularly
formed solids. In most cases the expressions were
derived for the dielectric conductivity of porous media.

In Table 2 some representative equations are given.
Recently Neale and Nader [16] have derived that for
a homogeneous, isotropic swarm of spheres Q =
2¢/(3 —¢) for the whole porosity range. This is the same
relation as found by Maxwell and others for a limited
porosity range. The authors report, however, that the
experimental confirmation (by electric conductivity
measurements) is satisfactory for & < 0-45 while ex-
cellent for ¢ > 0-45.

@

Table 2. Some theoretical diffusibilities for sphere packings

Dependence
Author, yr of Qone Remarks
Maxwell, Rayleigh, 2&/(3—¢8) ¢ — 1; ordered
cf. [13] packings
Bruggeman [14], e not for monosized
1935 spheres
Weissberg [15], /(1—41neg) overlapping spheres
1963 i possible
Neale and Nader 2e/(3—¢) all random homo-
[16], 1973 geneous isotropic

sphere packings
Marshall [17], 1959 & pseudo theoretical
Millington [18],

1959 g3 pseudo theoretical

When Q is plotted vs ¢ the different Q —¢ relations
can hardly be distinguished from each other; therefore,
for comparison, a plot of ¢ vs 1/q has been chosen as
given in Fig. 1.

The experimental results reported hitherto permit
no conclusion as to which relationship is confirmed
best. Most often Bruggeman’s equation (curve ¢ in
Fig. 1)is preferred for practical applications [1, 19, 20].

It will be argued below that for porous media a
function of the kind Q = f(e) does not exist. Further-
more it will appear that the pragmatic value of the
proposed Q —¢ relations is not very great (cf. curve g
in Fig. 1).

The porosity

The molar flux in equation (1) is related to the total
cross sectional surface of the porous medium perpen-
dicular to the direction of transport. Thus the diffusi-
bility has to account for the fact that only part of this
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F1G. 1. Some relations between the inverse of the
matrix factor and the porosity as given by theor-
etical and empirical expressions for the diffusi-
bility, cf. Tables 1 and 2. (a) ¢~! = 2/(3—¢);
(b) g ' =066: (c) ¢~ =058; (d) g ' =e";

(©)g ' =&"2;() g ! = ¢;(g) experimental results
for partly saturated porous media (obtained from
Fig. 6).

surface, L.e. the part that intersects the pore space, is
available for diffusion. In a homogeneous, isotropic
porous medium each plane intersection has the same
surface porosity, &, which is equal to the volume
porosity, &,.

In the literature there have been several suggestions
that g, # ¢, [ 18, 21-24]. Such suggestions are incorrect.
Although there exist some problems in strictly proving
that ¢, = . [25] these are on a level of strictness that
does not concern us here.

The reason that for & values like ¢2° [18], e)/?,
¢, [24] have been proposed is that these values have
been based on some pore model and because all pore
models used are anisotropic ¢, will depend on the way
the intersecting plane is taken.

Those suggestions that Q = &2 and variants [18, 21,
227 on the ground that “a further restriction on the
effective size of each pore sequence by a fraction ¢
is necessary because of the poor fit of one pore to the
next” [26] all go back to the permeability pore model
of Childs and Collis-George [27].

Such models are based on the assumption that the
pore size distributions in two adjacent planes are
random relative to each other. This is in general not
the case, because the dispersion of the solid and the
pore space is not random on a microscopic scale (which
has been recognized later on [26,28]). In fact such a
random adjacent plane concept assumes pores of
infinite shortness, the extra fraction ¢ in Q then taking
account of the combined constrictivity and dead-end
pore effect.
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The tortuosity

For a homogeneous isotropic porous medium with
a continuous pore space the tortuosity and the con-
strictivity are always both to be recognized. Although
it may sometimes seem artificial in the discussions that
follow, it will appear that the interpretation of experi-
mentally found diffusibilities is clarified greatly if these
two parameters are distinguished.

As far as definitions of the tortuosity, t, occur in the
literature they are always given either with reference to
anisotropic cylindrical pore models or using the con-
cept of the shortest distance between two points in the
porous medium, which concept has no clear meaning.

The present authors suggest the following approach
for the definition of the tortuosity.

Assume the pore space of the porous medium to be
completely filled with what we will call diffusion paths.
The main direction of the diffusion paths is the same
as that of the concentration gradient. In the way the
diffusion paths wind through the pore space they can
be compared with the streamlines for laminar flow in
porous media.

Anintersection of the porous medium, perpendicular
to the direction of the concentration gradient, of area A
will contain an intersection of the pore space of area
eA. This area £4 is constituted by the intersections of
the diffusion paths, the surface of intersection of a
diffusion path being A(¢A). The order of magnitude
of the length parameters of the intersections of the
diffusion paths is intermediate between those of the
free path of the molecules and the dimensions of the
pore space segments.* The diffusion paths do not all
have equal A(eA) values, but for each intersection of
the porous medium the A(gA) distribution is the same.
The number of diffusion paths is the same in each
intersection. Different diffusion paths have different
directions relative to the concentration gradient, but
the distribution of angles, «, between the direction of
the diffusion path and the concentration gradient, is
the same in each intersection. At each point of each
diffusion path the local Q in this point is linear in
cos®a: over a distance dl perpendicular to the inter-
section ¢A the length of the diffusion path is di/cosa
and the surface for diffusion perpendicular to the
direction of the diffusion path is A(eA4) cosa. Thus we
can assign to each intersection and hence to the porous
medium as a whole a cos? « distribution.

In terms of the above model the matrix factor is a

*A pore space segment is an element of the pore space
and has a volume that is of the same order of magnitude
as the largest possible inscribed spheres in the pore space.
For example, in a densest sphere packing the pore space
is constituted by tetragonal and rhombohedral pore space
segments. For random particle packings rules can be chosen
to divide the pore space in segments in a unique way.
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function of the cos®a and the A(eA4) distribution. It
will not be possible to specify these distributions; the
model was introduced only to clarify the notion of the
tortuosity, which 1s in fact a restricted tortuosity
because it is not based on all diffusion paths but only
on what we will call the main diffusion paths. The
main diffusion paths are the shortest diffusion paths
in the porous medium. The tortuosity, t, can then be
defined by stating that 7~ 2 is equal to the average of
the values of cos?« for the main diffusion paths and
hence Q is proportional to T2,

It will be clear that 7 as defined above is a function
of ¢&. And hence it is not necessary to decide whether 1
is equal to /2 [29-31] or /3 [22,32]. These values
are relevant only to pore models of unconnected
cylindrical pores and do not give a physical meaningful
characterization of a homogeneous, isotropic, con-
tinuous pore space.

The constrictivity
That the main diffusion paths of a pore space segment
are not parallel to the concentration gradient has been
accounted for by the tortuosity. The constrictivity, J,
accounts for the fact that the cross section of a segment
varies over its length. That is to say the constrictivity
is defined as 6 = (Dey/eD 4g)c=1.
Hence we have for the diffusibility:
&0
5

Q:__

T

&

The form of the pore space segments varies and is in
general not known. However, if these segments are
characterized by the ratio of the maximum and the
minimum cross section, f, it appears that é is more
or less independent of the segment form. In Fig. 2
some examples are given: Currie [10] calculated 6 for
sinusoidal segments. Petersen [33] for hyperbolas of
revolution and Michaels [3] for a repetition of cylin-
drical capillaries. Therefore we may assume that in
using, e.g. Petersen’s curve to find § the deviation of
the true value will be small for most porous media.

Independence of ¢, T and &

That the diffusibility can be analysed in terms of
&, T and & can be verified only if they can be deter-
mined independently.

Probably all three variables can be determined from
representative photomicrographs of intersections of the
porous medium. The porosity can be determined
directly; for r and é (i.e. B) thisis not possible. Especially
7 will be too low if determined from the apparent
main diffusion paths in a two-dimensional picture.

If ¢ is known the values of T and f can be estimated
for “reasonable” particle packings. We will return to
this point presently.
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Fi1G. 2. Constrictivity, 4, as a function of the ratio,

B, of the maximum and minimum cross section

for different pore forms. Petersen [33]: hyperbola

of revolution; Currie [10]: sinusoidal; Michaels

[3]: cylindrical capillaries connected in series,
length ratio of capillaries is 5.

The value of f and hence of § can be determined
by means of mercury porosimetry: the penetration
curve gives the minimum cross section and the retrac-
tion scanning curves the maximum cross-section.
This method has been verified for random sphere
packings [34].

An indirect argument for the distinction between T
and ¢ is that by comparing diffusion and viscous flow
in porous media, the value of ¢ is the same, but that
of ¢ is different in the two cases.

Or, more general, the tortuosity, like the porosity,
is a parameter characterizing the pore space in an
absolute sense while the value of the constrictivity
depends on the kind of transport phenomenon studied.

EXPERIMENTAL PROCEDURE

Methods and materials

Diffusion experiments were performed under station-
ary conditions in a modified Wicke—Kallenbach
apparatus.

The porous media used for the experiments had a
diameter of 21 mm and a length of 14 mm. They con-
sisted of sintered glass beads (i.e. sintered together, but
without significant deformation of the spheres); the
particle diameter was in the range of 40—400 pum.

The homogeneity of these porous media was
measured using an X-ray absorption technique [35].
In some of the experiments to test the measurement
technique porous media of sintered bronze spheres
were used.
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In all experiments helium diffused in a nitrogen
atmosphere: one side of the porous medium being
swept with pure nitrogen, the other with nitrogen con-
taining 0-5 to 2% vol. of helium.

The same kind of diffusion cell was used as that of
Foster et al. [24], which cell had been designed to
avoid boundary-layer effects and stagnant areas at the
surface of the porous medium as much as possible.
A disadvantage of the cell is-—in our case—the risk of
“inflow” of the passing gas.

The velocity of the gas at the surface of the porous
medium was in the range 3-13cmy/s.

All experiments were performed at 46:5°C.

Diffusion experiments were also carried out with
partly saturated media. For the saturating liquid di-
chloro acetic acid was chosen based on the following
criteria: (i) wettability (ii) low vapour pressure (iii) possi-
bility to determine the homogeneity of the liquid dis-
tribution by means of an X-ray absorption technique
(iv) easy absorption of the vapour from the gas stream.
Different saturations could be obtained using a suction
technique, for very low saturations followed by
evaporation.

Flow sheet

In Fig. 3 a flow sheet of the experimental apparatus
1s given. The nitrogen flow, brought to about 4atm
by reducing valve ¥, is kept on a constant flux by a
needle control valve By. This flux is distributed over
line(1) and line(2) in about equal proportions by means
of the valves 4, and B,.

The helium stream is brought to about 0-2 atm by V,.
After passing a filter (F) the helium stream is brought
on the desired level by means of Bs;. The flow rate is
measured by means of the pressure drop (M;) over a
capillary. The pressure difference between the two sides
of the porous medium (P) is kept below 0:1 mmH,0O
by means of B, and A,.

The concentration of helium in flow (1) is measured
by means of a conductivity cell (K,,, reference K,). The

F1G. 3. Flow sheet of diffusion apparatus. See main text for
explanation.
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gas flows (1) and (2) are measured via rotameters or
soap bubble meters (Ry, R,).

When the porous medium is partly saturated with
dichloro acetic acid the vapour of the latter is absorbed
at D with sodium hydroxide.

A complete measurement--including the setting and
removal of the porous medium—can be carried out
within 15 min.

Reliability and accuracy

The diffusibility of the porous media was calculated
using equation (1). For the nitrogen-helium system
Rp4 is about 2-5 [21, 23]. Because the mole fraction
of helium is 0-018 at a maximum it is not necessary
to know the value of Rg4 to any great accuracy.

The presence of dichloro acetic acid creates a three
component system. Because the mole fraction of the
acid vapour was only 0-0013 (no gradient in the pore
space) it was assumed that equation (1) remains valid
and that the value of D 45 remains the same.

The largest error source is the possibility of a total
pressure gradient over the porous medium; this can
give an error of 3 per cent at a maximum.

In order to test the reliability of the measurement
technique eighteen experiments were performed with
one and the same porous medium. The standard
deviation for the determined diffusibilities was 2-5
per cent. Estimates based on known error sources gave
standard deviation 2 per cent, “maximum” error §
per cent.

These eighteen measurements include a variation of
both the total gas flow and the concentration gradient
with a factor 4, covering the range of all experimental
conditions used.

Furthermore experiments were performed with seven
“identical” porous media. The standard deviation for
the determined matrix factor was here 5 per cent to
be compared with an estimated maximum error of
10 per cent. The difference between the reproducibility
for one and the same porous medium and that for
numerically different but otherwise—as far as is
known— identical porous media is caused by the in-
accuracy in establishing the length and the porosity
of the porous medium.

RESULTS AND DISCUSSION

The diffusibility of monodisperse random sphere packings

Pore space segments in random monodisperse pack-
ings will resemble those in regular sphere packings.
Regular sphere packings are anisotropic, hence Q is
direction dependent. Nevertheless values of t and &
obtained for regular sphere packings will give some idea
of those for random packings of round particles. Exact
calculations of the diffusibility (by integration over the
boundaries of a pore space segment) have been made



1098

by Kessler [36] for different segments in regular
packings. His experimental results as well as the
estimates made by Adams [19] and Currie [10]
correspond to these calculations within 5-10 per cent.
According to the estimates of Adams ¢ is for the cubic
(e = 48 per cent) as well as for the hexagonal (¢ = 26
per cent) packing about 0-75 (using Petersen’s curve,
cf. Fig. 2). Although Kessler's experimental results
suggest that this value can be on the low side we will
assume that the value of 6 = 0-75 can be used for all
random monodisperse sphere packings.

Between the two extreme sphere packings of 26 and
48 per cent porosity the value of 1 varies from 1 to 1-3
(and is, again, direction dependent, e.g. when it is said
[10,19] that the tortuosity of a cubic packing is 1,
that is of course true only for a transport direction
perpendicular to a plane through the sphere centers).
Whether or not there is a unique relation between
7 and ¢ for random packings, the error in Q will not
be very large when we assume a linear change in 1 from
1 to 1-3 over the range ¢ = 48-26 per cent, because
the change in 7 is anyway small.

Under these assumptions we obtain for the effective
diffusivity in the porosity range 38-43 per cent (which
covers the porosities normally found for random sphere
packings):

Dy = (0:57+0:04)eD 45. (6)

Our experiments with sphere packings of 40-80, 100-
150 and 300-400 um particles all confirmed equation
(6) as do the more numerous and sophisticated experi-
ments of Bennet and Bolch published recently [37].
The compilation of fifteen different sources, given in
[37], for diffusion experiments with sphere packings
shows a variation in Q from 0-5¢ to 0-8 ¢.

We may conclude that for random monodisperse
sphere packings an analysis in terms of ¢, T and 6—
although in this case perhaps not necessary—corre-
sponds with the experimental results as far as accuracy
permits.

It may be remarked that the value for Q derived
from equation (6) is—in the specified porosity range—
much lower than the value of 2¢/(3 —¢), which would
be the theoretical value according to [ 16].

The diffusibility of polydisperse packings

Measurements with mixtures of round particles of
different diameters confirm equation (6) when they
have porosities in the specified range [38]. With
mixtures it is, however, possible to obtain much lower
porosities [39]. Theoretically one may expect that for
such packings in which the smaller particles fill the
voids between the larger particles both 7 and & will
increase.
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We did not find any significant change in g for
mixtures having porosities between 30 and 43 per cent.
Neither would we expect a significant change for still
lower porosities.
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F1G. 4. The matrix factor as a function of the

porosity for polydisperse sphere packings.

(a) Currie [10]; (b) Vilain and Druelle [40];
(c) Shimizu et al. [41]; (d) this work.

The results reported in the literature are not con-
sistent. Currie [10] reported a linear interdependence
of g and ¢, but when his results are compared with
those of others (see Fig. 4) the only possible conclusion
seems to be that for porosities between 20 and 50
per cent the matrix factor will lie somewhere between
1 and 19.

Inhomogeneous porous media

Theoretically we may expect the diffusibility of an
inhomogeneous porous medium to be higher than that
of a homogeneous porous medium with the same
average porosity.

If we assume that the porous medium can be divided
in parts that are internally homogeneous, each part has
its own ¢, t and . The summation over the different
parts will yield a higher overall Q because of what
we might call a macroscopic constrictivity (for in-
homogeneities in the transport direction) and a macro-
scopic tortuosity (for inhomogeneities perpendicular to
the transport direction). For example when the porous
medium is inhomogeneous in the transport direction
only, we have

0=—"7. 7

Calculation examples, however, show that the inhomo-
geneity of the porous medium will seldom change the
overall diffusibility by more than 10 per cent.

Some experiments were carried out in which the
inhomogeneity (expressed in terms of the local porosity)
was varied over the length of the porous medium (i.e.
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along the transport direction), partly by changing the
packing, partly by deformation of the spheres during
sintering (the latter might decrease & in an absolute
sense).

The porosity distribution for two extreme cases is
given in Fig. 5. The values of @ as a function of the
porosity variation are given in Table 3. As can be seen
the influence of the inhomogeneity is negligible.

a3 -
39H
2 35| € (%) 126
W e 402205 1.7
—" 36 +7 17
31
] 1L
o] 4 8 12

Fi1G. 5. Porosity distribution along the transport
direction for a homogeneous and a heterogeneous
porous medium.

Table 3. Matrix factor for
inhomogeneous sphere packings

Porosity (%) Matrix factor

1-72

3647
384+37 1-85
419424 177
305+15 175
356409 1-84
402+ 05 1-65
392402 177

Hence the reported “important influence of the
nature of the packing” on Q [9-11] is not confirmed;
it is more probable that the high standard deviation
for experiments with numerically different porous
media is the cause of bad reproducibility (cf. also
Fig. 4).

The diffusibility of partly saturated sphere packings
(pendular liquid )
When a packing of particles, initially completely
saturated with a wetting liquid, is drained some liquid
will remain behind around the contact points of the
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particles. These isolated rings of liquid have been called
pendular liquid in distinction of funicular liquid, in
which case the liquid phase in the porous medium is
continuous. The change of the funicular to the pendular
phase for round particles is at about 8 per cent of the
liquid content [42,43].

Some experimental results for the matrix factor in
the “pendular state” are given in Fig. 6. It appears
that ¢ changes linearly with the liquid content, u. The
homogeneity of the liquid distribution appeared to have
no significant influence.

2/8

FiG. 6. The matrix factor for a partly saturated
porous medium as a function of the liquid content
(pendular state). Different symbols (O. A, x, A) in-
dicate experiments with different porous media; for
easy comparison the results were corrected in such
a way that the points for t2/0 at u=0 per cent
coincide for the different porous media.

We may emphasize that the (gas phase) porosity
changes only from, for example, 38 to 34 per cent when
u goes from 0 to 10 per cent. This implies that none
of the functions depicted in Fig. 1 are appropriate in
describing diffusion in the pendular state (cf. curve g in
Fig. 1). Although the absolute values for Q in the
pendular state as found by Currie [44] are about 10
per cent lower than ours, it can be deduced from his
data that he also observed a linear relationship between
g and u in the pendular state; moreover with the same
slope as we do (Currie himself analyses his results, for
pendular as well as funicular liquid. in terms of the
empirical correlation Q = yet).

The change in g as a function of u can be wholly
attributed to a change in 4, cf. Fig. 7. The liquid in
the pendular rings will not or hardly change the
position of the main diffusion paths and hence t will
remain constant. On the other hand it can be seen
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F1G. 7. Intersections of regular sphere pack-
ings with pendular liquid. (A) tetrahedral cell;
(B) cubic cell.

that the pendular liquid does change the minimum
cross section while for the greater part of a pore space
segment the cross-sectional area remains the same.

Assuming that 7 remains constant the experimental
results show a change in 6 from 075 to 048 over
the range u = 0-10 per cent. This can be compared—
following Adam’s method of calculation [19]—with a
maximum change in ¢ for the cubic, tetrahedral, and
rhombohedral pore space segments (containing pendu-
lar liquid) of 0-7-0-75 to 0-49-0-57.

We may conclude therefore that the variation of the
matrix factor in the pendular state is due to a variation
in the constrictivity and for the latter:

5=075-0027u, 0<u<10. ®)

The diffusibility in partly saturated sphere packings

(funicular liquid )

Regarding the diffusion in porous media with funicu-
lar liquid only a semiquantitative account is possible.
The reason for this is that the liquid distribution in
the porous medium depends strongly on the “history”
of the liquid. If we think of the pore space as con-
sisting of “cells” and “connections” then at a certain
liquid content certain cells and connections will be filled
with liquid. But which cells and which connections
cannot be said a priori. It may be emphasized that a
simple analysis in terms of a so called pore size dis-
tribution is only confusing and disguises the important
statistical and historical aspects of the problem as well
as the fact that there do not exist isolated menisci
(corresponding with “pores”) in the porous medium.
It is, however, not the purpose of this paper to discuss
the problems of the statics and dynamics of capillary
liquid in porous media. It is enough to realize that at
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the same u, Q can vary considerably depending on the
liquid distribution in the porous medium.

The constrictivity will not decrease further in the
funicular state. The minimum cross section corresponds
with touching pendular rings (cf. Fig. 7). At higher
liquid contents the now annular ring in the minimum
cross-section will become unstable soon and will
collapse, thus closing a connection. If anything, one
would expect d toincrease because, the minimum cross-
section remaining constant, the maximum cross-section
can only decrease with increasing liquid content.

At low u in the funicular state one can expect first
a small and when u increases a stronger increase in t
caused by the closing of cell connections one after
another. At higher liquid contents the more or less
random distribution of the liquid will cause two effects:

(i) Aninhomogeneity effect which can be thought of
as a macroscopic tortuosity. For this kind of
tortuosity an analysis in terms of a random
adjacent plane concept seems appropriate.

(ii) The occurrence of “dead-end pores”: a gas phase
region in the porous medium that is only access-
ible from one side.

Some experimental results for g in the funicular state
are given in Fig. 8 and Fig. 9. Figure 8 is for a very
homogeneous porous medium. The almost constant g
between 8 and 15 per cent corresponds with the physical
picture outlined above, but this may be accidental.
From Fig. 9 it can be seen that the scatter is much
larger than can be accounted for by the accuracy of
the measurement technique. The scatter has to be
attributed to the irreproducibility of the procedure by
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F1G. 8. Matrix factor for a very homogeneous partly
saturated porous medium as a function of the liquid
content,
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F1G. 9. Matrix factor for partly saturated sphere packings

as a function of the liquid content (funicular state). The line

from 0 to 10 per cent has been taken from Fig. 6. Different

symbols (O, x, A, +) indicate experiments with different
porous media.

which the porous media were drained. Some experi-
ments were performed at a liquid content of 60 per cent.
The results in this case were completely unpredictable:
the matrix factor varying between 12 and cc. This is
in conformity with the reported variation in the liquid
content at which Q becomes zero {45, 46].

In concordance with the account given above pub-
lished results for the diffusibility of partly saturated
sphere packings are not consistent. Curric [44] ob-
tained for g about the same values as we did. However
both Vilain and Druelle [40] and Reist [ 38] obtained
lower values.

Some generalizations to more complex porous media

In many cases one is not concerned with diffusion
in partly saturated porous media. Nevertheless the
results for partly saturated sphere packings are relevant
to the interpretation of the diffusibility of porous media
with a more complex pore space. One can think for
example of catalysts and the kind of media encountered
in geology.

In conductivity as well as in diffusion experiments
values of g up to 20 and higher have been reported.
Because the matrix factor is, in general, analysed only
in terms of the tortuosity this may lead to conclusions
like that of Carman that [31] “The physical meaning
of these high tortuosities is not at all clear”. What
will, however, be clear is that a value of 10 or even 20
for g is not so strange, given the considerations
presented above. It we take for § a minimum value of
0-35 (cf. Fig. 2) and 7 at low porosities at a maximum
of \/3 it is anyway reasonable to cxpect a value of
10 for ¢, even for a homogeneous isotropic porous
medium.

Much higher values can be expected f{or inhomo-
geneous porous media or porous media in which dead-
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end pores are present that are not accounted for via
the porosity used in equation (5). In analogy with the
results for the funicular state one may expect that
especially for low porosities the influence of dead-end
pores can be considerable.

It is of interest to note that it is a well known fact
in geology that the clectric conductivity (and hence the
diffusion) in porous stoncs depends strongly on the
measure of “cementation” [47, 48], c.g. in conductivity
measurements a value of 22 for ¢ was obtained on a
porous medium (having a porosity of about 15 per cent)
that had been constructed by adding a cementing
agent to a mixturc of glass beads [47]. As in the
pendular state the ccmenting agent will first concentrate
at the contact points of the particles and then start to
close connections.

CONCLUSIONS

(i) The diffusibility, @, of a homogeneous isotropic
porous medium can be analysed in terms of three
parameters, all having a sound physical basis: the
porosity, ¢, the tortuosity, 7, and the constrictivity, J.

(i) Qis proportional to ¢. The porosity is the specific
volume available for diffusion. Arguments contending
the surface porosity to be different from the volume
porosity for isotropic media are invalid.

(iii) Q is proportional to 7 2. The tortuosity can be
defined in terms of the average main diffusion path.
For homogeneous isotropic media t is a function of
¢, and can take values between 1 and /3. For most
particle packings T will be close to 1-15.

(iv) @ is proportional to d. The constrictivity can be
defined in terms of the ratio of the maximum and
minimum cross-sectional area of a pore space segment.
For homogencous isotropic round particle packings &
1s about 0-75 (lower boundary).

(v} The importance of distinguishing between 1
and ¢ is supported, inter alia, by the functionalism in
describing diffusion in partly saturated sphere pack-
ings; by the possibility of estimating t and/or  a priori;
and by the possibility of determining § independently
by means of mercury porosimetry.

(vi) Nonec of the proposed Q —e relations is suitable
for describing the diffusibility of partly saturated
porous media.

(vii) For sphere packings containing pendular liquid
is independent of the liquid content, u, and J changes
linearly with u.

(viii) For porous media containing funicular liquid
no a priori statements can be made about Q because
the liquid distribution depends strongly on its history
and small inhomogeneitics in the porous medium.
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ANALYSE DE LA DIFFUSION GAZEUSE DANS DES MILIEUX MACROPOREUX A
L’AIDE D’'UN FACTEUR DE POROSITE, DE TORTUOSITE ET DE RETRECISSEMENT

Résumé- Le rapport entre le coeflicient de diffusion effectif dans des milieux macroporeux et le coefficient
de diffusion en abscnce de milicu poreux est décrit en fonction de la porosité, de la tortuosité et d’un
facteur de rétrécissement.

La nécessité de discerner ces trois parameétres est soutenue par la description de la diffusion dans des
empilements homogenes, isotropiques, ct partiellement saturés de billes de verre monodispersés. Les
résultats sont généralisés a tous les milicux poreux homogénes ct isotropiques pour les porosités de

0 a 50 pour cent.

ANALYSE DER DIFFUSION IN SCHUTTUNGEN UND
PORIGEN GUTERN MITTELS DER POROSITAT,
EINES UMWEGFAKTORS UND EINES ERWEITERUNGSFAKTORS

Zusammenfassung- - Das Verhiiltnis zwischen dem Diffusionswiderstand cines porigen Gutes und der
Diffusionszahl wird beschricben als einc Funktion der Porositit, eines Umwegfaktors und eines
Erweiterungsfaktors. Die Notwendigkeit, diese drei Parameter zu unterscheiden, ist durch die Funktion
fur dic Beschreibung der Diffusion in homogenen. isotropen, teilweise gesiittigten Schiittungen von
monodisperscn Glaskugeln bedingt.
Die Resultate werden im Hinblick auf die Diffusion in allen homogenen. isotropen. porigen Giitern
mit Porositiiten von 0-50%; verallgemeinert.

AHAJIN3 AUDDYINU B KATIMJIIAPHO-TTOPUCTLIX TEJAAX MPU MTOMOIIN
CTPYKTYPHLBIX XAPAKTEPUCTUK: MOPUCTOCTH, MPOCBETA U U3BUJIUCTOCTU
Aunotauus — CooTHoulenue Mexay 3bdexThBHBIM Ko3bdULUMeHTOM audidy3uu raza B KanUAAAPHO-
MOPUCTBIX TENax U xodpduuuentom AUdPy3UM NPU OTCYTCTBUNA MOPUCTOrO Tena aHanM3UpyeTcs
fAPH NOMOILMN CTPYKTYPHBIX XapaKTePUCTHK: MOPUCTOCTH, NIpOcBeTa W uisHancroctd. Heobxoaumo
pas3nuyaTh HTH TPYU NapameTpa Ans ormucaHus AHGQY3UH B 4aCTHYHO HACLILICHHBIX, OQHOPORHBIX
M3IOTPOIHBIX MOHOAUCTIEPCHBIX YNAKOBKAX CHEPUHECKMX YaCTHLL.

PesynbTtater obobwiatoTcs A8 BCex OAHOPOAHLIX H3OTPOMHLIX TOPUCTBLIX Ted B 06nacTH

nopuctoctu ot 0-50Y.
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