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Abstract

A fractal analysis of permeabilities for unsaturated fractal porous media is presented based on the fractal
natures of pores in the media. Both the fractal phase permeabilities and the fractal relative permeabilities
are derived and found to be a function of fractal dimension for tortuosity, pore area fractal dimension,
fractal dimensions for wetting and non-wetting phases, saturation and microstructural parameters. The
proposed fractal models for permeabilities, both the phase permeabilities and the relative permeabilities, do
not contain any empirical constant. To verify the validity of the present analysis, the predicted relative
permeability data are compared with those of the existing measurements, and excellent agreement between
the model predictions and existing experimental data is found.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The permeabilities for porous media, both saturated and unsaturated, have received much
attention (De Wiest, 1969; Bear, 1972; Bowles, 1984; Jumikis, 1984; Kaviany, 1995; Panfilov,
2000) due to practical applications including chemical engineering, soil science and engineering,
oil production, polymer composite molding and heat pipes etc. Since the microstructures of real
porous media are usually disordered and extremely complicated, this makes it very difficult to
analytically find the permeability of the media especially for unsaturated (or multiphase) porous
media.
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Conventionally, the permeabilities of porous media were found by experiments (Levec and
Saez, 1986; Sasaki et al., 1987; Wang et al., 1994; Wu et al., 1994; Shih and Lee, 1998; Chen et al.,
2000). Besides, much effort was devoted to numerical simulations (Benzi et al., 1992; Martys and
Chen, 1996; Chen and Doolen, 1998; Adler and Thovert, 1998; Adler and Berkowitz, 2000;
Pandey et al., 2001; Ngo and Tamma, 2001). However, the results from either experiments or
numerical simulations are usually expressed as correlations with one or more empirical constants
or as curves, and the mechanisms behind the phenomena are thus often ignored. In order to get a
better understanding of the mechanisms for permeability, an analytical solution for permeability
of porous media becomes a challenging task.

Yu and Lee (2000) developed a simplified analytical model for evaluating the permeabilities of
porous fabrics used in liquid composite molding. This permeability model, which is related to
porosity and architectural structures of porous fabrics, is based on the one-dimensional Stokes
flow in macropores between fiber tows and on the one-dimensional Brinkman flow in micropores
inside fiber tows. Good agreement between theoretical predictions and experimental results was
found. However, this model may only apply to those media whose macropores can be simplified
as one-dimensional channels. So this and several other models may not be applicable to random/
disordered porous media. In addition, this model is only suitable to saturated porous media.

Katz and Thompson (1985) are the first to present the experimental evidence indicating that the
pore spaces of a set of sandstone samples are fractals and are self-similar over 3-4 orders of
magnitude in length extending from 10 A to 100 pm. They argued that the pore volume is a fractal
with the same fractal dimension as the pore-rock interface. This conclusion was supported by
correctly predicting the porosity from the fractal dimension, which was measured by a log-log
plot of number of pores versus the pore size. Krohn and Thompson (1986) also showed a set of
sandstone pores and found that they are fractals and follow the fractal power laws.

Adler (1985) numerically simulated the transport problem by applying a percolation model in a
fractal object, but no relation between the simulated results and fractal dimension was reported.
After 10 years, Adler (1996) concluded that the permeability in real porous media can be ex-
pressed as K = K(¢, Dy, ...). However, no quantitative expression was given. Pitchumani and
Ramakrishnan (1999) proposed a fractal model for permeability of real porous fiber preforms.
This may be the first analytical model for permeability of fractal porous media and there is no
empirical constant in their model. Unfortunately, this model is found to be completely in error
(Yu, 2001).

Recently, Yu and Cheng (2002) developed a fractal permeability model for bi-dispersed (sat-
urated) porous media based on the fractal characteristics of pore sizes of the media, and this
fractal model is also applicable to porous anisotropic fabrics (Yu et al., 2002, 2003). Although this
model does not contain any empirical constant and good agreement is found between the model
predictions and experimental data, it is not applicable to unsaturated porous media. The saturated
porous medium is, in fact, only the special case of the unsaturated porous medium. It is, therefore,
more meaningful to develop an analytical solution for permeability of unsaturated (or multiphase)
porous media.

It should be noted that not all porous media are fractals, only those porous media whose pore
structures and pore size distributions are random and disordered may be fractals. In this paper,
we focus our attention on the derivation of a fractal analytical model for permeabilities of un-
saturated fractal porous media based on the fact that the porous media in nature are fractals



B. Yu et al. | International Journal of Multiphase Flow 29 (2003) 1625-1642 1627

(Katz and Thompson, 1985; Krohn and Thompson, 1986; Young and Crawford, 1991; Perfect
and Kay, 1991; Smidt and Monro, 1998; Yu and Li, 2001; Yu et al., 2001; Yu and Cheng, 2002;
Yu et al., 2002). In the next section we give the detailed description of the fractal characteristics of
microstructures of fractal porous media, which are the theoretical bases for the present fractal
analysis of permeabilities.

2. The description of microstructures of fractal porous media

Euclidean geometry describes ordered objects such as points, curves, surfaces and cubes using
integer dimensions 0, 1, 2 and 3, respectively. Their measures are invariant with respect to the
unit of measurement used. However, numerous objects found in nature (Mandelbrot, 1982) such
as rough surfaces, coastlines, mountains, rivers, lakes and islands, are disordered and irregular,
and they do not follow the Euclidean description due to the scale-dependent measures of length,
area and volume. These objects are called fractals, and the dimensions of such objects are non-
integral and called Hausdorff dimension, or simply fractal dimension. The geometry structures
such as Sierpinski gasket, Sierpinski carpet and Koch curve are the examples of the exactly self-
similar fractals or regular fractals, which exhibit the self-similarity over an infinite range of
length scales. Their dimensions are also called similarity dimensions (Feder, 1988). However,
exactly self-similar fractals in a global sense are rarely found in nature. Many objects found in
nature are not exactly self-similar, such as coastlines, islands on earth, they are statistically self-
similar and they are called the statistical fractals. These objects exhibit the self-similarity in some
average sense and over a certain local range of length scales, L. The fractal dimensions used in
this paper are applicable to both the exactly self-similar fractals (such as Sierpinski gasket,
Sierpinski carpet and Koch curve) and the statistical fractals (such as fractal/random porous
media).

Porous media such as soil, sandstones in oil reservoir, packed beds in chemical engineering,
fabrics used in liquid composite molding and wicks in heat pipes consist of numerous irregular
pores of different sizes spanning several orders of magnitude in length scales. The pore micro-
structures, both the pore sizes and the pore-interfaces, of such porous media exhibit the fractal
characteristics (Katz and Thompson, 1985; Krohn and Thompson, 1986; Young and Crawford,
1991; Perfect and Kay, 1991; Smidt and Monro, 1998; Yu and Li, 2001; Yu et al., 2001; Yu and
Cheng, 2002; Yu et al., 2002), and these media are called fractal porous media. The present work
only deals with these media. For simplicity, we here use the word “porous media” to represent the
word “fractal porous media”.

In should be noted that in some cases, as pointed by Feder (1988), some fractal objects such as
Brownian motion exhibits the fractal character with different scaling ratios in different directions,
this character is called “self-affinity”’. However, our previous study (Yu et al., 2001) showed that
for porous fabrics, although their microstructures and permeabilities are anisotropic, their fractal
dimensions are approximately the same in different directions, this means that the “self-affinity”
for porous media can be neglected, as many studies by Katz and Thompson (1985), Krohn and
Thompson (1986), Young and Crawford (1991), Perfect and Kay (1991), Smidt and Monro
(1998), Yu and Li (2001), Yu et al. (2001), Yu and Cheng (2002) and Yu et al. (2002). Therefore,
we neglect the “‘self-affinity” in this work.
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The pore in porous media plays a remarkable role in fluid flow and heat transfer in porous
media. The conventional method for description of characteristics of porous media is based on the
volume average (Kaviany, 1995) over the considered medium, and the significant influence of
microstructures on flow is thus ignored. Fortunately, the fractal natures of pores and pore fluids
may provide us with a better understanding of the mechanisms of flow and transport properties,
such as the permeability in porous media.

It is known that the cumulative size-distribution of islands on the earth’s surface follows the
power law N(4 > a) ~ a~?/> (Mandelbrot, 1982), where N is the total number of islands of area
(A) greater than a, and D is the fractal dimension of the surface. The equality in the above cu-
mulative size-distribution of islands on the earth’s surface can be invoked by using an.x to be the
largest island to yield (Majumdar and Bhushan, 1990)

N(AZ[I): <ar:lax>Df/2 (1>
Eq. (1) implies that there is only one largest island on the earth’s surface, this is consistent with the
physical situation. Marjumdar and Bhushan used this power law Eq. (1) to describe the contact
spots on engineering surfaces, where amy.x = g/lfnax, a= giz, with A being the diameter of a spot
and g being a geometry factor. Compared with the islands on the earth’s surface or spots on
engineering surfaces, the pores in porous media are analogous to the islands on the earth’s surface
and to the spots on engineering surfaces. The cumulative size-distribution of pores whose sizes are
greater than or equal to 4 has also been proven to follow the fractal scaling law (Yu and Cheng,

2002; Yu et al., 2002).

Jmax \ "
N(L=2) = ( ‘1) (2)
where Dy is the pore area fractal dimension, 1 < Dy < 2 and Ap,, is the maximum pore size.
Differentiating Eq. (2) with respect to A results in the number of pores whose sizes are within the
infinitesimal range 1 to 1+ dA4,

—dN = D2 5~ Prilg;, (3)

max

The negative sign in Eq. (3) implies that the island or pore number decreases with the increase of
island or pore size, and —dN > 0. Eq. (2) describes the scaling relationship of the cumulative pore
population. The total number of pores or islands or spots, from the smallest diameter A, to the
largest diameter /., can be obtained from Eq. (2) as (Yu and Li, 2001; Yu and Cheng, 2002; Yu
et al., 2002)

Jmax \
ML o) = (522 @
Dividing Eq. (2) by Eq. (4) gives
— (jv_]\t[ = D2 - Prd) = £(2)da (5)
where f (1) = Df}vﬁfm)fw‘\“) > 0 is the probability density function. Patterned after probability

theory, the probability density function, f(1), should satisfy the following relationship:
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(/wjﬁwdlz MMfOJd&:l—-<%m> = (6)
0 p A

max

‘min

It is clear that Eq. (6) holds if and only if (Yu and Li, 2001)

Dy
( }vmin >
Amax

is satisfied. Eq. (7) implies that Ay, << Amax must be satisfied for fractal analysis of a porous
medium, otherwise the porous medium is a non-fractal medium. For example, if A, = Amax, both
Egs. (6) and (7) do not hold. Eq. (7) can be considered as a criterion (Yu and Li, 2001) whether a
porous medium can be characterized by fractal theory and technique. This means that if Eq. (7)
does not hold, the porous medium is a non-fractal medium, and the fractal theory and technique
are not applicable to the medium. Fortunately, in general, Ayin/Amax ~ 1072 or <1072 in porous
media, thus Eq. (7) holds for porous media. Thus, the fractal theory and technique can be used to
analyze the characters of porous media.

If we take the Sierpinski carpet or Sierpinski gasket as a porous medium model, it is easy to see
that the following relation holds:

IR

0 (7)

(8a)

where Dy (1 < Dy < 2) is the fractal dimension ¢ is the porosity, Ay, and Ay, are the lower and
upper limits of self-similar regions. For Sierpinski carpet D; = 1.8928 and for Sierpinski gasket
Dy = 1.5850. For example, in two dimensions for the O-stage Sierpinski carpet, Anin/Amax = 1/3
and ¢ = 8/9, the fractal dimension can be found to be Dy = 1.8928 from Eq. (8a); for the 1-stage
Sierpinski carpet, ¢ = (8/ 9)2, Jmin/ Amax = 1/9, and the fractal dimension can be also found to be
Dy = 1.8928 from Eq. (8a). This is expected. For any stage Sierpinski carpet and Sierpinski gasket,
Eq. (8a) holds. For the three-dimensional Sierpinski carpets and Sierpinski gaskets, Eq. (8a) can
be extended to yield

1
D=3 ne

(8b)

ln min

/max

where 2 < Dr < 3. Combining Egs. (8a) and (8b), a unified relation between the fractal dimension
and porosity can be obtained as (Yu and Li, 2001)

Ine

Di=d-— 9)

In Zmin

/max

where d is the Euclidean dimension, and ¢ = 2 and 3 in the two- and three-dimensional spaces,
respectively. Eq. (9) exactly holds for exact self-similar fractal geometries, such as Sierpinski
carpet and Sierpinski gasket (4. and Ay, are the upper and lower limits of self-similarity, re-
spectively). But Eq. (9) approximately holds for random or disordered fractal porous media (for
porous media, Ay, and Ay, are the maximum and minimum pore diameters, respectively, in a
unit cell or in a sample, this implies that the statistical self-similarity exists in the range of
Amin ~ ZAmax 1N porous media), and the detailed derivations are given elsewhere (Yu and Li, 2001).
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Eq. (9) shows that the pore area fractal dimension is a function of porosity and microstructures,
/lmin and /Imax-

Onoda and Toner (1986) presented a model for fractal dimension of fractal objects, this model
is expressed as:

Inp
D=d+ S (C)

where p is the packing fraction of the previous generation of agglomerates in an agglomerate, i.e.
relative volume fraction of any generation of agglomerates, and is the same from generation to
generation. It is not the packing fraction of particles in the overall structure. S in Eq. (C) is a
factor by which each successive generation of agglomerates is always larger than the previous. It is
seen that the porosity ¢ (corresponding to the packing fraction of particles in the overall struc-
ture) in Eq. (9) has the different meaning from p in Eq. (C). In addition, /A, and Ay, in Eq. (9) are
the lower limit and upper limits of self-similar regions, which are also different from § in Eq. (C).
Both Egs. (C) and (9) can be easily applied to calculate the fractal dimensions of exact fractal
geometries, such as Sierpinski carpet and Sierpinski gasket. However, when a statistically self-
similar fractal medium, such as a random fractal porous medium, is concerned, p and S in Eq. (C)
usually cannot be easily determined. While the porosity ¢ or packing fraction of particles in the
overall structure can be easily found/measured, and Ay, and Ay, in a sample or a unit cell can be
also easily measured by instrument or by box-counting method. Then, Eq. (9) can be applied to
determine the fractal dimension of the structure.

Most recently, Yu and Li (in press) derived the analytical expressions for the phase fractal
dimensions of unsaturated porous media, the expressions are given as

In(Sye
Dy = d 4 5v?) (10a)
In[(1 — Sy

where S is the saturation, the subscripts w and g represent the wetting (e.g. water) and non-wetting
(e.g. gas) phases, respectively. Eq. (10a) indicates that when S, = 1, Eq. (10a) will be reduced to
Eq. (9), meaning that the medium becomes a single phase/saturated porous one. If S, =0, Eq.
(10b) will be also reduced to Eq. (9) and the medium is also a single phase/saturated porous one. It
can be seen that Eq. (9) is only a special case of saturation Sy, = 1 in Eq. (10a) or S, = 0 in Eq.
(10b), and Eq. (10) is the general expression for fractal dimensions of porous media, both satu-
rated and unsaturated porous media.

A porous medium having various pore sizes can be considered as a bundle of tortuous capillary
tubes with variable cross sectional areas. Let the diameter of a capillary in the medium be A and its
tortuous length along the flow direction be L(4). Due to the tortuous nature of the capillary,
Li(2) = Ly, with L, being the representative length. For a straight capillary, L,(1) = L,. Wheatcraft
and Tyler (1988) developed a fractal scaling/tortuosity relationship for flow through heteroge-
neous media, and the scaling relationship is given by L(d) = o P TLOD T, where 0 is the length scale
of measurement. We argue that the diameters of capillaries are analogous to the length scales o,
which means that the smaller the diameter of a capillary, the longer the capillary. Therefore, the
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relationship between the diameter and length of capillaries also exhibits the similar fractal scaling
law:

Li(2) =P (11)

where Dt is the fractal dimension for tortuosity, with 1 < Dt < 2, representing the extent of
convolutedness of capillary pathways for fluid flow through a medium. Note that Dy = 1 rep-
resents a straight capillary path, and a higher value of Dt corresponds to a highly tortuous
capillary. In the limiting case of Dr =2, we have a highly tortuous line that fills a plane
(Wheatcraft and Tyler, 1988). Eq. (11) diverges as 2 — 0, which is one of the properties of fractal
streamlines.

The fractal dimensions Dy and Dr, defined by Egs. (2) and (11) respectively, are called Hausdorff
dimension (often called fractal dimension) according to the definition given by Mandelbrot (1982).
Since Egs. (8)—(10) are also based on Eq. (2), the fractal dimensions, Dy, Dy, and Dy, in Eqs. (8)—
(10) are also called Hausdorff dimension (or simply fractal dimension). On the other hand, since
these fractal dimensions can be determined by the box-counting method, they are also named box-
counting dimension or box dimension (Feder, 1988).

Egs. (2)—(4) and (7)—(11), which present a complete description of the fractal characters of
unsaturated porous media, form the basis of the present fractal analysis of permeabilities, which
will be derived in the following section.

3. Fractal permeabilities for unsaturated porous media

Consider a unit cell consisting of a bundle of tortuous capillary tubes with variable cross
sectional area, and each capillary tube is partially filled with the wetting and non-wetting phase
fluids. This is the typical state for unsaturated porous media. According to the literature by
Kaviany (1995), at very low saturations the wetting phase becomes disconnected (or immobile),
and at very high saturations the non-wetting phase becomes disconnected. So, in this work we
assume that the saturations are not very low and fluids in each capillary keep continuous. Since
pore size distributions in porous media have been proven to be fractals and their fractal characters
can be described by Egs. (2)—(4) and (7)-(11), we assume that the wetting and non-wetting phases
in porous media are all fractals and they also follow Egs. (2)—(4) and (7)—(11). We also have the
following assumptions similar to those given by Kaviany (1995) for the present analysis:

(1) The Darcy (Stokes) flow is applicable with a negligible interfacial drag in two-phase porous
media.

(2) The body force is neglected.

(3) The liquid flow is not coupled with gas flow.

(4) The viscosities of liquid phase and gas phase are independent of each other.

We also assume that the wetting phase and the non-wetting phase flows through tortuous paths
with approximately the same tortuosity as the single-phase flow, i.e. Dr = Dty = D1z = 1.10 (Yu
and Cheng, 2002) measured from the box-counting method. Wheatcraft and Tyler (1988) per-
formed the Monte Carlo simulations on an ensemble average fractal travel distance L,(d) versus
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scale of ¢ for the fractal random walk model to simulate the dispersivity in heterogeneous media.
They obtained the tortuosity fractal dimension of Dr = 1.081, which is very close to the value of
Dt = 1.10 taken in this work.

The flow rate through a single tortuous capillary is given by modifying the well known Hagen—
Poiseulle equation (Denn, 1980) to give

AP )}
J)=G—nu =
4() L(2)

where G = /128 is the geometry factor for flow through a circular capillary, 2 is the hydraulic
diameter of a single capillary tube, u is the viscosity of the fluid, AP is the pressure gradient, and L,
is the length of the tortuous capillary tube. Thus, the flow rate for each phase in a single tortuous
capillary can be written as

(12)

AP, )}
wiw) =G — 13a
AP, 7
Jy) =G—=- % 13b
qg( g) Lt(jvg) 'ug ( )

The total volumetric flow rates for each phase, Q,, and Q,, through the unit cell are the sums of the
flow rates through all the individual capillaries, respectively. The total flow rate for each phase can
be obtained by integrating the individual flow rates, gy (4y) and g,(/,), over the entire range of
pore channel sizes from the minimum pore channel Ayiny (and Aming) to the maximum pore
channel Zpaxw (and Amax) in a unit cell. According to Eqgs. (3), (11) and (13a), we have

0, — - / " ) AN (i)

“min,w

= GAPW i L(l)iDT Df7w /13+DT 1 — )“min,w Dy imin,w 3+Dr—2Dyy, (14)
/“tw LO A 3 + DT — wa max,w ;Lmax:w ima&w

where Dy, is the area fractal dimension for the wetting phase given by Eq. (10a) and 1 < D¢, < 2
in two dimensions. Since 1 < Dr <2 and 1 < Dyy < 2, the exponent 3 + Dy — 2D¢,, > 0 and
0< (A‘““‘W)HDT Prw < 1. Also, according to the Yu and Li’s criterion Eq. (7) (Yu and Li, 2001),

Amax,w

(20in)Pr o (), we also have (A’“‘“:)Df“ = 0 (because usually 72 Zmin ~, 102 , thus 722 fmine , 10-2). It follows

Amax

that Eq. (14) can be reduced to

GAPW i L(l)iDT Df,w i3+DT

15
'uw LO A 3 +DT _ Df max,w ( )

QW:

Using Darcy’s law, we obtain the permeability expression for the wetting phase in an unsat-
urated porous medium as follows:

‘quOQW _ (;L(])_DT Df,W A3+DT
AP, A A 34+ Dt — Dpy, ™V

K, = (16)
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which indicates that the wetting phase permeability is a function of the fractal dimensions Dy, Dy
and structural parameters, 4, Ly and Zmax w-

It can be found that although both the integration of Eq. (14) and the phase permeability model
Eq. (16) are very simple, the mechanisms affecting the flow rate and permeability are quantita-
tively related. However, the conventional numerical methods such as lattice gas (Pandey et al.,
2001), lattice Boltzmann method (Chen and Doolen, 1998) and Effective Medium analysis (Adler
and Berkowitz, 2000) need artificially construct a porous medium or random lattice/medium, then
Monte Carlo simulations or iterations are performed to solve more sophisticated equations/
models (usually, a set of equations, e.g. N-S equations) for effective conductivity (such as per-
meability). While the present model is based on a real fractal porous medium, not based on an
artificial porous medium, to solve a simple model given by Eqs. (14) and (16) for permeability.
The second significantly different feature between the conventional numerical methods such as
Effective Medium analysis (Adler and Berkowitz, 2000) and the present fractal analysis is that the
Effective Medium analysis assumes the lattice bond conductivities distributed lognormally while
the present fractal analysis is based on the pore size distribution following the fractal power laws
(Katz and Thompson, 1985; Krohn and Thompson, 1986; Young and Crawford, 1991; Perfect
and Kay, 1991; Smidt and Monro, 1998; Yu and Li, 2001; Yu et al., 2001; Yu et al., 2002; Yu and
Cheng, 2002). The third significant difference between the conventional numerical methods such
as Effective Medium analysis (Adler and Berkowitz, 2000), lattice gas (Pandey et al., 2001) and the
present fractal analysis is that a comparison with experimental permeability data was not given in
their methods, while our present fractal analysis presents such a comparison (see Section 4).
Therefore, the validity of their analysis and lognormal distribution assumption for bond con-
ductivities should be further verified by a comparison with experimental data.

Similarly, the permeability expression for the non-wetting phase in an unsaturated porous
medium can be obtained as

lugLOQg L(l)iDT Dy 34D
K, = =G : Jorbr 17
£ APA A 3+ Dr— Dy, "™ (17)

where D¢, is the area fractal dimension for the non-wetting phase given by Eq. (10b) and
1 < Dpy < 2in two dimensions.

For straight capillaries, Dr = 1, Eqgs. (16) and (17) can be reduced to
1 Dry 4

Ky =G~ ,
A4 _Df,w max,w

(18)

and

1 Df 4
Ky =G— —% ) 1
g GA 4 — Df,g max,g ( 9)

respectively. Eqs. (15)—(19) present the phase flow rate (Qy) and phase permeabilities (K, and K,)
in an unsaturated porous medium. Eqgs. (15)—(19) indicate that the phase flow rate and phase
permeabilities are very sensitive to the maximum phase channel sizes Amaxw and Apaxg. It is also
shown that the higher the fractal dimensions Dy, and Dy, the larger the flow rate and the phase
permeability values. From Egs. (15)—(19), it can be seen that the flow rate and the phase
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permeabilities will reach the maximum possible values as the fractal dimensions Dy, and Dy,
approach their maximum possible value of 2. This is in consistence with fractal theory.

For saturated porous media, each capillary is filled with a single fluid and thus we have S, = 1
in Eq. (10a) or Sy, = 0 in Eq. (10b), Eq. (10) will be reduced to Eq. (9) and Zmaxw = Amaxg = ZAmax
Aminw = Aming = Amin. Then we have the permeabilities for saturated porous media

Ly Dy 4
K=G D 20
A 3 + DT _ Df /Lmax ( )
For straight capillaries, Dt = 1, Eq. (20) can be reduced to
K=G- A 21
44— p, ma (21)

Egs. (20) and (21) describe the permeabilities for saturated porous media. It is seen that Eqgs. (16)—
(19) are the general expressions for permeabilities of unsaturated porous media, and Egs. (20) and
(21) are the special cases of unsaturated porous media. Egs. (20) and (21) are also called the
absolute permeabilities.

The permeations of both wetting and non-wetting fluids play important roles in unsaturated (or
multiphase) porous media. Muskat and Meres (1936) recommended that the phase permeabilities
K, and K, be treated as isotropic and given by

Ky = Kkr, (22)

K, = Kk (23)
or

krw = Ky /K (24)

kg = Ky /K (25)

where k., and k,, are the relative permeabilities of the wetting and non-wetting phases, respec-
tively.

The permeations for unsaturated porous media are usually expressed as the relative perme-
abilities. Combining Eqgs. (16), (17), (20), (24) and (25) yields

. 3+Dr
k= Kv_ 34 Dr=Dr Dry (s (26)
K  3+Dr—Dryw Dy

imax

. _K_34Dr-D Dy <ﬂ,maxﬁg>3*DT
rg — - ~

S et St & 27
K 3+Dp—Dyg Dy (27)

j‘l'ﬂél)(
It is evident that the relative permeability is a function of fractal dimensions D¢, Dy and Dy, (or
D), and microstructural parameters, Amax, Amax,w (O Amax). There is no any empirical constant in
this fractal relative permeability model. The fractal dimensions Dy, Dy, D;, and Dy are given by
Eqgs. (9)—(11). Once the ratios of Amaxw/Amax aNd Amax¢/Amax are found, the relative permeabilities
can be determined. In the following, we will give the detailed derivation for the ratios of
/lmawa/imax and }”max,g//lmax-
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Fig. 1 shows a schematic of the cross section of a capillary tube partially filled with water and
gas. From Fig. 1, we can obtain the pore volume V;, and the volume, V;,, occupied by water or
wetting phase as

V,=mni’/4 (28)
and
Vo=V, — Vo =n2’[4 —ni;/4 (29)

respectively, where 4 and A, are the diameter of a capillary pathway and the diameter of non-
wetting (e.g. gas) phase pathway, and J is the volume occupied by non-wetting fluid. According
to the definition (Bear, 1972) for saturation S,,, we have

A 2
&:J@zl_(%> (30)

e
:<%>2 (31)

Obviously, Egs. (30) and (31) satisfies S, +S; = 1 and this is expected. From Eqgs. (30) and (31)
the diameter for non-wetting fluid (such as gas) can be expressed as

g = 2n/Se = In/1 =S, (32)
Eq. (32) denotes that 4, = 0 as S, = 1 and 4, = 4 as S, = 0, and vice versa. This is expected and is

consistent with physical situation.
The volume, ¥, occupied by the wetting fluid (such as water) can be written as

Vi =i J4 — i /4 = ni, /4 (33)

Sg =

N

where 1, is the effective diameter of wetting fluid occupying the cross section of a capillary
pathway. Again, according to the definition of saturation

SW == VW/I/p == )u‘zv/)uz (34)

,

Fig. 1. A schematic of the cross section of a capillary tube partially filled with water and gas.
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This results in

Iy = /1\/3; (35)

Eq. (35) indicates that 1, =0 as S, =0 and 4, = 1 as S, = 1, and vice versa. This is again ex-
pected and is consistent with physical situation. Usually, 0 < S, < 1 such as the saturation in soil,
in which pores are partially filled with fluid such as water, i.e. the two phases (e.g. water and gas)
coexist in soil. From Egs. (32) and (35), we can directly write the effective maximum and the
smallest diameters for wetting and non-wetting fluids in maximum and smallest pores (or capillary
tubes) as

S = maxV/Sw O Jmax w/ Amax = /S (36a)
mingw = ZminV/Sw OF  Amins/Amin = V/Sw (36b)
Jmaxg = FmaxV/ T = Su OF  Jmaxg/Amax = /1 — Sy (36c)
Jaming = AminV 1 —Sw O Aming/Amin = V1 — Sy (36d)

It is seen that if we insert Egs. (36a)-(36d) into Eq. (9), and apply the relations:
Sw=Vo/Vo = Va/ V)] (Vo/ Vi) = &w/e OF &, = Sy, and g = S,e = (1 — Sy )&, we can also obtain
Eq. (10), i.c.

In ey, In(Sye) In(Sye)

Diy=d———=d - — = 10a
fw I Zminas |n Zminy/Se |y Zmax (10a)
j-1'nax,w ;Lmax\/S_w Zmin

This is exactly Eq. (10a). Similarly, we can obtain Eq. (10b).

We can now turn our attention again on the relative permeabilities for wetting and non-wetting
phases. Inserting Eqs. (36a) and (36¢) into Egs. (26) and (27), respectively, we arrive at
& — 3+Dr —Dr Dry §3+D1)/2 (37)
K  3+Dr—Dgy, D ¥
Kg . 3+ Dr— D¢ %

= = — l_SW (3+DT>/2 38
£K 3+DT—Df,ng( ) (38)

krw =

It is evident that the relative permeability &, (or k) is a function of saturation S, and fractal
dimensions Dy, Dr and Dg,, (or Dy ), and there is no any empirical constant in this fractal relative
permeability model.

4. Results and discussion
4.1. Phase fractal dimensions

The fractal theory requires that the values of fractal dimensions Dy, and Dy, be in the range of
1 and 2 in two dimensions based on the definition given by Eq. (2). To be valid, we first check/

calculate the fractal dimensions Dy, and Dy . For this purpose, we take bi-dispersed porous media
(Yu and Cheng, 2002) as samples for study because they have been proven to be fractal media.
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Fig. 2. An image photo (Yu and Cheng, 2002) of a bi-dispersed medium at porosity 0.54, where the black and the white
regions are pores and clusters formed by agglomeration of copper particles. Since the micropores inside clusters are very
small and the copper particles are soft, it is difficult to see the micropores inside clusters after the sample being polished.

The bi-dispersed porous structure, as shown in Fig. 2, is composed of clusters (at macrolevel),
which are agglomerated by small particles (at microlevel). Since the clusters and particles within
the clusters are randomly distributed, this leads to macropores and micropores of various sizes in
a bi-dispersed porous medium, so this medium is much similar to packed beds. For saturated (or
single-phase) bi-dispersed porous media, the pore area fractal dimension Dy can be described by
Eq. (9). In Eq. (9), we roughly take Amax/Amin = 24, which is the same as the ratio (Yu and Cheng,
2002) of the average cluster size to the minimum particle size. Fig. 3 illustrates the results of pore
area fractal dimension Dy versus porosity by Eq. (9) and by the box-counting method (Yu and

2-0 T I T I T I T I T I
“— r ‘ From the box-counting method b
(=)
S 19 Prediction from Eq. (9) _
@
c
[}
E | 7
(=)
® 18- -
o
o
w L 4
©
e
< 1.7 -
e
)
o - i
16 e
0.40 0.44 0.48 0.52 0.56 0.60

Porosity

Fig. 3. A comparison between the theoretical predictions by Eq. (9) and the results from the box-counting method (Yu
and Cheng, 2002).
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Cheng, 2002). Fig. 3 shows the good agreement between the model prediction from Eq. (9) and
those from the box-counting method for the saturated bi-dispersed porous media.

The fractal dimensions, D¢, and Dy, can be determined by Eq. (10). Fig. 4 gives the fractal
dimensions, Dy, and Dy, versus the saturation S, at different porosities and by roughly taking
Amax/2min = 24 again. It is seen from Fig. 4 that the fractal dimension Dy, increases monotonously
with saturation. As saturation tends to 1 the fractal dimension Dy, reaches its maximum value of
1.80 at porosity 0.54, approximately the same value as the value 1.81 from the box-counting
method for bi-dispersed medium at porosity 0.54 (Yu and Cheng, 2002). The similar phenomenon
can be observed for non-wetting phase. The non-wetting phase fractal dimension Dy, reaches its
maximum possible value 1.80 as saturation is zero at porosity 0.54. This means that as saturation
tends to zero, the medium is fully filled with a non-wetting fluid (or single-phase fluid), so it is
expected that fractal dimension is exactly the same as that for saturated porous medium. Fig. 4
also shows that the phase fractal dimension depends on porosity. The higher the porosity, the
higher the fractal dimension. This can be interpreted that the higher porosity implies larger pore
area, the larger pore area leads to the larger phase area/volume and the higher fractal dimension.
In the limiting case, as porosity tends to 1, a unit cell of the medium becomes a smooth plane,
whose fractal dimension is 2. Therefore, the present results are reasonable. From Fig. 4 an im-
portant phenomenon can be also found. That is when saturation S, < 0.1, the fractal dimension
Dy, < 1. This reveals that when saturation S, < 0.1, the wetting phase distribution in porous
media is non-fractal (in two dimensions) according to fractal theory. Similarly, when saturation
Sw > 0.9, Df, < 1. This indicates that the non-wetting phase distribution is also non-fractal (in
two dimensions) when S, > 0.9. This suggests that only when S, > 0.1 and S, < 0.9, the wetting
and non-wetting phases are fractal objects, respectively. On the other hand, according to the
literature by Kaviany (1995), at very low saturations the wetting phase becomes disconnected (or
immobile), and at very high saturations the non-wetting phase becomes disconnected. This implies
that at low saturations for wetting phase and at high saturations for non-wetting phase, the pore
fluid is embedded in one dimension and the fractal dimension is less than one, and the fluid is

2.0

1.6
1.2
a —A—
z —4@— Dig.e=0.54
o 08 —— Dig.e=0.45

—A— Dfw:e= 0.60
048 ~D— Dgw.e=054
i —— Diy.e=0.45 1
0.0 1 I 1 I 1 I 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0
sW

Fig. 4. The phase fractal dimensions versus saturation.
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disconnected. Usually, the experimentally relative permeability data (De Wiest, 1969; Bear, 1972;
Kaviany, 1995) were reported also in the range of about S,, > 0.1 for wetting phase. It is seen that
the present fractal permeability results are consistent with the experimental observations, and the
present analysis is thus restricted in the ranges of S, > 0.1 for wetting phase and S,, < 0.9 for non-
wetting phase for requirements from both fractal theory and experimental observations.

4.2. Fractal relative permeabilities

According to the above analysis, the present fractal relative permeabilities are given in the
ranges of Sy, > 0.1 for wetting phase and S, < 0.9 for non-wetting phase.

The algorithm for determination of the relative permeabilities for unsaturated porous media is
summarized as follows:

1. Select a porosity, e.

2. Find Dy from Eq. (9).

3. Select a saturation, S, find D¢, and D¢, from Eqs. (10a) and (10b), respectively.

4. Find the relative permeabilities from Egs. (37) and (38) (Dr = 1.10 is used in this work).

The above procedures 3 and 4 are repeated to find the relative permeabilities for a given po-
rosity.

We have found that the above computation of relative permeabilities takes less than one second
in a microcomputer, and no grid generation and no boundary conditions are needed. While
applying any numerical method such as finite difference method, finite element method, lattice
Boltzmann method and Monte Carlo simulation, grid generation and/or boundary conditions are
needed, and thus much more computer time is often required. Therefore, the advantage of the
present fractal analysis of permeabilities for porous media over numerical methods is evident.

Fig. 5 presents the relative permeabilities, k., and k,, versus saturation calculated from Eqgs.
(37) and (38), respectively. Fig. 5 shows that although the phase fractal dimensions depend on

1.0 . , .

krg:€=0.45 b
0.8

Krw » Krg

0.2

Fig. 5. The relative permeabilities predicted by the present fractal model.
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Fig. 6. A comparison of the relative permeabilities between the present fractal model predictions Eq. (37) and the
existing experimental data (Levec and Saez, 1986; Kaviany, 1995).

porosity (see Fig. 4), the relative permeabilities predicted from Egs. (37) and (38) are independent
of porosity and are a function of saturation only. So, in this work, we approximately consider the
bi-dispersed porous media as mono-dispersed porous media (similar to packed beds) in calcu-
lating the relative permeabilities. The present fractal relative permeability results are consistent
with many empirical formulas, which are often expressed as a function of saturation with one or
more empirical constants from experiments (Kaviany, 1995). However, there is no any empirical
constant in the present fractal permeability models Eqgs. (37) and (38), and this is an another
advantage of the present fractal analysis over those empirical correlations from experiments and
numerical simulations. From Fig. 5 it can be also found that k., + &, < 1, this is in consistence
with general observations and the shapes of the relative permeability curves are also in consistence
with the literature reports (De Wiest, 1969; Bear, 1972; Kaviany, 1995).

It should be noted that although the particles in a packed bed may be uniform in size, the
capillaries in a packed bed are usually non-uniform and they may follow the fractal distribution.
Fig. 6 compares the predictions from the present fractal permeability model for mono-dispersed
porous media (similar to packed beds) and the experimental data (Kaviany, 1995; Levec and Saez,
1986) for packed beds, and excellent agreement between the predictions from the present fractal
permeability model and the experimental data is obtained. This verifies the validity of the present
fractal analysis of permeabilities for unsaturated porous media.

5. Concluding remarks

In this paper, a theoretical analysis of permeabilities for unsaturated porous media is presented
based on the fractal characters of pore size/phase distributions in unsaturated porous media. The
general phase fractal permeability models, given by Egs. (16) and (17), are in terms of the fractal
dimension Dr for tortuosity, pore area fractal dimension Dy, fractal dimensions Dy, for wetting
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phase and Dy, for non-wetting phase, saturation S, and the structural parameters 4, Amax, Lo. The
fractal relative permeability models given by Egs. (37) and (38) are expressed as a function of the
fractal dimensions Dr, Dy, Dy, and Dy, and saturation S,. There is no any empirical constant in
the present relative permeability models. The results from the present relative permeability models
are found to be independent of porosity. The fractal permeability model Eq. (20) can be con-
sidered as a special case of the unsaturated porous medium by setting S, = 1 in Egs. (10a) and
(36a) or by setting S, = 0 in Eqs. (10b) and (36¢). The predictions of the relative permeabilities of
porous media based on the proposed fractal model are found to be in excellent agreement with
existing experimental data. This verifies the validity of the present fractal analysis of permeability
for porous media.
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