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fractal model in an unsaturated medium

Yung Park

Department of Materials Science and Metallurgy, University of Cambridge, Pembroke Street,
Cambridge CB2 3QZ, England
E-mail: yp204@cus.cam.ac.uk

Received 15 November 2000

The theory of fractal setsis used to describe convective diffusion of a passive impurity in
a partly-saturated porous medium.
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Fluid flows through a porous medium have attracted much attention due to itsim-
portance in several technological processes (e.g., filtration, catalysis, chromatography,
spread of hazardous waste, petroleum exploration, and recovery, etc. [1,2]). The study
of the diffusion of a passive impurity being transported by aliquid or gas in a porous
medium is one of the main approaches used to investigate flows in porous materials.
By a neutral indicator such as radioactive isotopes, one can obtain a large quantity of
information on the motion and mixing of the fluid. Besides isotopes, the neutral indica-
tor may be a pigment or even temperature if the investigator is interested in processes
involving convective heat transfer. Helium is often used as the indicator in the study of
transport processes in gases.

It is particularly interesting to study convective diffusion in a partly saturated
medium, since in this case one can obtain information not only on the flow itself, but
also on the geometric characteristics of the regions occupied by a single phase. It is
understood that diffusion becomes anomalous in an unsaturated medium and differs ap-
preciably from both normal molecular diffusion and convective diffusion in acompletely
saturated porous medium, because the diffusion coefficient depends not only on the dy-
namic characteristics of the flow (as in the case of complete saturation) but also on the
geometric characteristics of the one-phase region.

It is assumed hereafter that we are studying the diffusion of anatural impurity in a
liquid while its gas (or another liquid) is being forced into a porous medium. Diffusion
in the gas will be ignored.

Asisknown [3], adisplacement such as that being studied here can be formulated
in terms of percolation (flow) theory [4,5], and in this case the beginning of filtration of
the liquid through the gas-saturated sample is equivalent to the formation of an infinite
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liquid cluster permeating the sample. An infinite cluster existsat p > pc, where p is
displacement pressure and p. is breakthrough pressure (or percolation threshold). Onthe
contrary, the volume fraction of liquid (or saturation coefficient) ¢, hear the percolation
threshold, i.e, a small Ap = p — p. > 0, exhibits the following scale behaviour:
Coo ~ (Ap/po)f and B = 0.39 at d = 3, where 8 is a universal exponent dependent
on the dimension of the space d. Similar scaling behaviour is described by certain other
characteristics of the infinite cluster, such as the correlation length Ic = lo(Ap/pc)™"
and the permeability coefficient k ~ mi2(Ap/ p)!, where [y is characteristic dimension
of apore-space capillary and m is porosity. The universal exponents 7 and v in the three
dimensiona space takethevauer = 1.7, v = 0.9 [4-6].

It follows from above formulas that co, ~ (Ic/lo)™#/*. The geometric structure
of the liquid cluster near the percolation threshold is extremely complex and cannot be
adequately described by the methods of conventional Euclidean geometry. However, it
turns out that at distances Iy < | < I, the structure of the cluster can be satisfactorily
expressed within the framework of the theory of fractals — sets of fractional dimension-
ality.

A set of F (enclosed in a Euclidean space of the dimension d) is called a fractal
if its fractal dimension d; is not awhole number (in particular, does not coincide with d
or with the natural topological dimension F) and if F satisfies the property of self-
similarity. Self-similarity means local invariance of F relative to a discrete half-group
dilatations. The fractal dimension is given by

im INN(¢)
e—01In(1/e)’

where N (g) isthe minimum number of d-dimensiona cubes of the dimension ¢ covering
the set F: it is understood that F is compact. It isobvious that di < d. Along with
geometric (regular) fractals, frequent use is also made of stochastic fractals (nearly al
natural fractals are stochastic fractals). The properties of stochastic fractals are fully
analogous to the properties of geometric fractals if we interpret them only in terms of
their mean value. For example, in the formulafor d;, instead N (¢) we write (N (¢)) for a
stochastic fractal, where (o) denotes averaging over al possible realizations. Numerous
examples of fractal sets and the corresponding definitions can be found in [7,8].

A percolating cluster near the percolation threshold is a typical example of a sto-
chastic fractal. It can be shown that the fractal dimension of the cluster dif = d — B/v.
Thus, at d = 3, we have di = 2.56.

In this study the fractal model is employed to investigate real physical processes.
We observe followings:

(i) afracta satisfying the property of self-similarity for all length scalesisamath-
ematical object,

(ii) the use of fractal models to describe natural processes can be valid only with
certain limitations on the scale of the phenomena being investigated.
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In the subject being examined here, there are actually two length scales. the mi-
croscale from the characteristic dimension of a pore-space capillary Iy to the correla
tion I;; the microscale characterizing the nonuniformity of the physical fields in the
problem such as the pressure field. The microscale is determined by the dimensions of
the sample and depends on external parameters in relation to the problem being consid-
ered, while the microscale depends on I and thus, on Ap. Here the fractal approach
isused only in microscale, i.e, for lp < [ < I.. All of the power laws governing self-
similarity without anomalous exponents are also valid only in this region. The problem
is averaged with the transition to the microscale, and fractal internal structure of the lig-
uid cluster disappears. In the microscale, al of the geometric parameters of the cluster
and the percolation processes are characterised by the normal dimension d = 3. Thus,
in regard to actual physical object such as the liquid cluster being examined here, the
asymptote in the direction of the fractal dimension d; should be interpreted not as an
actual mathematical limit but only as atransition to the lengths ¢ ~ 1, i.e., to the lower
boundary of the microscale.

Let us examine the case of steady-state filtration in a partly saturated porous
medium at p. < p, p = pc. The mean rate of filtration is assumed to be constant within
the above-mentioned scales and to be low enough so that the flow has no effect on the
geometry of the liquid cluster. Besides, since the scales in question are appreciably
greater than the size of the capillary, it can be assumed as a first approximation that
Darcy’s law isvalid for mean filtration velocity:

k
U=—-——g¢q,
u

where k is permeability, u is viscosity, and ¢ pressure gradient. Darcy’s law is usually
used to describe flow on the macroscopic scale, and it may not be satisfied for each
specific cluster at the microscopic level. However, in our case, we are dealing with the
average flow velocity for the cluster present. Asaresult, Darcy’s law can be used in this
case.

The structure of the cluster isfairly complex and, along with the channels compris-
ing its skeleton (and through which, of course, flow takes place), it contains a substantial
number of blind channels so-called dead ends through which liquid does not flow and
which participate only in normal molecular (not convective) diffusion. Calculations and
numerous experiments [4-6,9] demonstrate that the skeleton of the cluster near the per-
colation threshold can also be regarded asafractal. Here, the probability of the cluster ¢,
being associated with the skeleton obeysthe scaling law c; ~ (Ap/ pe)?t, where B, > B.
In three dimensional space, 8, = 0.9. It follows from this fact that the fractal dimension
of the cluster is greater than the fractal dimension of the skeleton dif = d — (81/v) < d,
while mean flow velocity U; ~ U/c; is significantly greater than that which could be
expected if an evaluation was made only on the basis of the saturation coefficient.

Since the motion of a single impurity particle does not possess universality,
we are going to examine the relative motion of two impurity particles. We desig-
nate r;(¢) as the position of the ith particle (i = 1,2) at the moment of time ¢,
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E@) =r1(t) —ra(t) = £(0) + f(; V (r)dr, where V (¢) is relative coordinate of particle
at the moment of time ¢. Since (V (r)) = 0, we have (£(r)) = (£(0)). This equality
means that

d
a(sm) =0,

but at the sametime

1/2 d/|d
g=(lewl) E< SE®)

may be nonvanishing. It is evident for these quantities that

e
0

352 = 2/ (Vi V(r))dr. 2)
dr 0

)

2
>= (Vinv ), 1)

The quantity (1) is easily calculated, since it is a ssmultaneous correlation function and
equa to the mean of the square of the difference in velocities at the points r,(¢) and
ra(t) = ri(t) + &(). Thus

(VOV©)=(|V(10) = V(1) +6O)[*) ~ U2 fo(Ue, & Lo, m),

where U, is the mean velocity of the impurity particle; fo = fo(Us, &, Ic, n) iSaweight
factor associated with the fractal structure of the cluster: 5 is the kinematical viscosity.

In view of the self-similarity of the liquid cluster, the function f, can be regarded
as relatively invariant with respect to the scale transformations x — «ax, ¢t — bt. This
leads to the following equation

a a2
fo(ZUQ aSv alC? ?n) = fO(UCv Sv le 7])
Therefore1 fO(UC7 E? lC7 77) = f(Rer S/lc)! Where ReC = UClC/n

In the fractal region, f determines the probability that points separated by the
distance £(¢) belong to the active flow region, i.e., to the liquid cluster.

For scalesly « & « I, we have

&/ 1oyt
(&)1t

where § = d — d;, while the coefficient in the above asymptote f may be depend on Re..
Accordingly, in the regularity region & > I, we have f(Re, £/1c) ~ c2,. The specific
form of the function f in thetransitiona region & ~ I isfairly complex and depends on
the geometric properties of the porous medium.

An impurity particle to come into the flow participates in two types of motion:

f(Re,, &/1) ~ ¢ ~ 2 (&)1,
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(i) itistransported by theliquid over the skeleton of the cluster at the velocity Uz,

(ii) having entered adead end, the particle is dowed and moves only as aresult of
molecular diffusion.

It leaves the blind channel after the characteristic drift time 7, ~ 12/ Dy, where the dif-
fusion coefficient in a partly saturated medium Dy = Do(Ap/po)'~# and Dy is that of
molecule [9]. The mean drift velocity U, is evaluated by the quantity I./7c = D1/,
where 1; represents time of particle drift from the dead end, and . correlation time.
Taking into account that the relative probability of the cluster being associated with the
skeleton is approximately c¢1/cq., We have

c c U
Ue ~ —U; + (1— —1>U2 ~ — 4 U,
Coo Coo Coo
Since U = (Ap/pe) TP and U/coo = (Ap/pe)—F a small Ap, Uy is assumed to be
U/coo-
To calculate equation (2), we assume that

(VO (D) =(V<r>V<r)>g(t - ’>,

[

where g is a correlation function, as well as that g(0) = 1 and that, with x going to
infinity, g(x) decreases more rapidly than any power of x. Here t. ~ I/ U..
Equation (2) can be rewritten in the form

d t/tc
CE2~ UZf(ReE/lo)Te /0 ¢(0 dr. 3

Inthecase of ¢ « I and ¢ K 7, the integral in egquation (3) can be replaced by the

quantity g(0)¢/t.. Thus
d 2 2 S B 2
as ZUC (Z) tcoo‘

Under the condition of &y = £(0) we have

§2+5 _ 5024-5 ~ Uglétzcgo
Assuming that & > & ~ 0, we obtain
d _ 2
ESZ ~ ngUczatza 11::18’ a= 2735 <1

Att > 7., wefind that f(Re;, &/1c) ~ 2. Thus, equation (3) takes the form

d
Egz - ZUCZ‘L'CC(EO ~ 20N, A= coole
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Since the diffusion coefficient D, ~ (1/2)(d/dr)&?, we find that in the fractal region
(¢ <)

Dc ~ CgoaéUZQtZa—l)Laé’ (4)
while outside thisregion (¢ > I.)
Dc ~ Uh. (5)

Equations (4,5) can have a somewhat different form. At (¢ < [c), we have

Ap\**
DC ~ <_p> [vl’
pPo

whereay = a(2r — B) = 2.47, v1 = 2o — 1 = 0.64, whileat £ > I,

Ap\*2
(2]
Pc

wherea; = 7+ B — v = 1.19. Thus, we differentiate two diffusion regimes — an
anomalous region in the fractal and the normal convective region outside.

In summary, we used numerical values of the critical percolation indices obtained
for network models. Since percolation is important in a number of critical phenomena,
these indices have the property of universdlity, i.e., they are nearly independent of type
of network. However, they may aso depend on its dimensionality. In the case of porous
materials with the pore space having the structure of a fractal, this may be significant.
Consequently, the numerica values of the above-cited indices a1 and v; might change.
The index a, corresponds to the diffusion coefficient outside fractal region and in this
case should be fairly universal. There has been considerably less study of percolation
theory on fractal sets than on regular network, so it is not yet possible to obtain suffi-
ciently reliable values of the critical percolation in relation to the dimensions of fracta
sets. We believe that the above estimates are definitely valid when the porous materials
have a sufficiently regular structure or a high porosity and the pore space is not fractal.
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