PHYSICAL REVIEW E 85, 056314 (2012)

Map of fluid flow in fractal porous medium into fractal continuum flow
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This paper is devoted to fractal continuum hydrodynamics and its application to model fluid flows in fractally
permeable reservoirs. Hydrodynamics of fractal continuum flow is developed on the basis of a self-consistent
model of fractal continuum employing vector local fractional differential operators allied with the Hausdorff
derivative. The generalized forms of Green-Gauss and Kelvin-Stokes theorems for fractional calculus are proved.
The Hausdorff material derivative is defined and the form of Reynolds transport theorem for fractal continuum
flow is obtained. The fundamental conservation laws for a fractal continuum flow are established. The Stokes
law and the analog of Darcy’s law for fractal continuum flow are suggested. The pressure-transient equation
accounting the fractal metric of fractal continuum flow is derived. The generalization of the pressure-transient
equation accounting the fractal topology of fractal continuum flow is proposed. The mapping of fluid flow in a
fractally permeable medium into a fractal continuum flow is discussed. It is stated that the spectral dimension of
the fractal continuum flow d; is equal to its mass fractal dimension D, even when the spectral dimension of the
fractally porous or fissured medium is less than D. A comparison of the fractal continuum flow approach with
other models of fluid flow in fractally permeable media and the experimental field data for reservoir tests are

provided.
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I. INTRODUCTION

Fluid flow in permeable media plays an important role in
a wide variety of environmental and technological processes
[1]. Natural porous and/or fissured materials usually possess
formidably complicated architecture characterized by statis-
tical scale invariance over many length scales [2—4]. In this
context, the fractal geometry offers helpful scaling concepts
to quantify fluid transport in fractally permeable media.
Consequently, different approaches have been addressed to
the problems related to the fluid flow in fractal reservoirs (see
Refs. [5-8] and references therein).

In a recent Rapid Communication [8] we have suggested
that essentially discontinuous fractal flow ®” in a fractally
permeable medium can be mapped to the fractal continuum
flow ®;, C E3, which is describable within a continuum
framework (see Fig. 1). From this perspective, in Ref. [§]
a self-consistent model of fractal continuum flow employing
the local fractional differential operators was suggested, the
fundamental conservation laws and the generalized Navier-
Stokes equations for an anisotropic fractal continuum flow
were derived, and some features of fractal continuum flow
were discussed. It should be emphasized that the geometric
framework of fractal continuum hydrodynamics is the three-
dimensional Euclidean space with a fractal metric.

In this paper, the hydrodynamics continuum flow is ad-
vanced to account for the flow topology and employed to
model fluid flow in a fractal porous (fissured) medium. The
paper is organized as follows. In Sec. II the fractal properties
of fractally permeable media are outlined. In Sec. III the
concept of fractal continuum flow is generalized to account
for nontrivial topology and dynamics of fractal continua sz%.
The vector local fractional differential operators allied with the
Hausdorff derivative are developed. The generalized forms of
Green-Gauss and Kelvin-Stokes theorems for fractional calcu-
lus are proved. The fractional Jacobian for fractal continuum
flow and the Hausdorff material derivative are defined and the
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form of Reynolds transport theorem for fractal continuum flow
is obtained. The fundamental conservation laws for fractal
continuum flow are established. The gravitational head and
hydrostatic pressure distributions in fractal continuum are
defined. The generalized Euler equation, Bernoulli integral,
and wave equations for fractal continuum flow are derived.
The vector form of the generalized Navier-Stokes equation for
fractal continuum flow Y&} C E? is derived. Section IV is
devoted to the mapping of fluid flow in a fractally permeable
medium into the fractal continuum flow Z@;’) C E3. The
analog of Darcy’s law for fractal continuum flow is suggested
and the pressure-transient equation is derived. Comparisons
of the fractal continuum flow approach with other models of
fluid flow in fractally permeable media and the experimental
field data for reservoir tests are discussed. A brief summary
and some relevant conclusions are outlined in Sec. V.

II. FRACTAL PROPERTIES OF PERMEABLE MEDIA

Now it is widely accepted that the porosity and fractures
in soils and geological formations exhibit fractal features over
many length scales, ranging from the microscopic pore to field
scale (see, for review, Refs. [1-7]). These include the fractal
geometries of pore space or fracture networks, the fractal
roughness of pore and/or fracture surfaces, and the heavy tiled
distributions of pore and/or fissure sizes. A medium displaying
one or more of these features we call a fractally permeable
medium.

Mathematically, a fractal can be characterized by its intrin-
sic metric dimension associated with an appropriate intrinsic
measure characterized by the intrinsic metric dimension dy [9],
commonly called the chemical [10] or the spreading [11]
dimension. This dimension quantifies how the “elementary”
structural units of the fractal are “glued” together to form the
entire fractal object and determines the number of independent
mutually orthogonal directions on the fractal. Accordingly, the
number of the independent coordinates that can be introduced
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FIG. 1. Illustration of the mapping of a discontinuous prefractal
Menger sponge into the fractal continuum with the mass fractal
dimension D = In20/ In 3. Notice that the intersection of the Menger
sponge with a plane is the Sierpinski carpet of the fractal dimension
d = In 8/ In 3, while the intersection of the Menger sponge with a line
is the Cantor set with the fractal dimension ¢ = In2/In 3, whereas
the density of states along the normal to the intersection of the fractal
continuum with the plane is characterized by the scaling exponent
¢ =1n2.5)/1n3 > «.

in the fractal space is equal to dy. In this context d, can be
treated as a fractional analog of the Euclidean topological
dimension. Although there were attempts to formally introduce
a fractional number of coordinates in the fractal space (see,
for example, Ref. [12]), the concept of fractional coordinates
(see Refs. [13]) seems to be a more physical framework
[8]. Furthermore, the dynamic properties of the fractal are
governed by its spectral dimension d;, which defines the
Lagrangian dimension of the fractal and thus governs the
density of characteristic modes of the fractal structure Q(w)
w®~1 [14]. Consequently, the fractal dimension of random
walk on the fractal is equal to dy = 2d,/d; [14,15].

On the other hand, the embedding of a fractal with
the chemical dimension d; < n into Euclidean space E” is
characterized by the metric dimension D associated with an
appropriate Euclidean measure [16] and the fractal dimension
of geodesic lines on the fractal dp,, also called the fractal
dimension of the shortest (or minimum) path [14—16]. These
dimensions are related to the chemical (intrinsic metric)
dimension as D = dnyind, (see Fig. 2 and Table I), while the
fractal dimension of random walk on the fractal embedded
in E" is Dy = 2D /d; = 2dydmin/d; = 2 + 0, where 6 is the
so-called anomalous diffusion exponent [11]. In the case
of ordinary diffusion 6 = 0, whereas 6 > 0 and 0 < 0 are
associated with sub- and superdiffusion, respectively [11].

It is important to note that the mathematical definitions
of fractal dimension D are based on the concept of fractal
covering by balls or cubes of some size ¢, or at most £ in the
limit £ — 0 [16]. In many cases, the number of covering balls
(cubes) scales with £ as N(£) o« £P [16,17]. It is precisely this
scaling property that gives rise to the use of fractal concepts
to model the “physical fractals,” such as porous media, which
can display the scaling behavior N(£) oc £? in the bounded
interval of length scale £y < ¢ < & only, where £ and £ are the
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FIG. 2. Fractal models of porous media: (a) Cantor dust
D =3In2/In3 = 1.89, (b) Sierpinski gasket (D =1n4/In2 = 2),
(c) Menger sponge (D = 1n20/1In3 = 2.7268), and (d) percolation
cluster (D =2.524 £ 0.008). The compete sets of fractal parameters
of these fractals are given in Table I.

lower and upper cutoffs of the fractal (power-law) behavior.
Accordingly, the definitions of fractal dimensions for real-
world systems are based on some kind of fractal quasimeasure
(see [18]), rather than on a strictly metric measure. In this
context, the fractal dimension of a physical fractal is commonly
associated with the power-law dependence of the mass of any
of its fraction m(L) on the characteristic size of this fraction
L > ¢y, which can be expressed as

m(L) = mo(L /o +1)", 1)

where mq is a proportionally constant, £, is the lower
cutoff, and D is the mass fractal dimension. In the case of
porous medium with a fractal geometry of the pore space,
the Euclidean volume of the pore space scales with the
characteristic size of fractally permeable medium fraction as

V(L) =2"Pe}(L/ty + DP, 2)

where D is the mass fractal dimension of the pore space (see
Refs. [2-4]).

Itis imperative to emphasize that the mass fractal dimension
tells us nothing about the connectivity and tortuosity of flow
paths in the fractally permeable medium. In fact, fractals
characterized by the same fractal dimension D can have
different chemicals, minimum paths, and spectral dimensions.
Hence, to model a specific porous and/or fissured medium we
need to know at least three independent fractional dimensions,
as well as the corresponding scaling ranges. Additionally, the
specific fractal geometry of a porous (fissured) medium can be
characterized by another set of independent scaling exponents,
such as the fractal dimension of the backbone D, of the
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TABLE 1. Fractal characteristics of four classic fractals (see Fig. 2) widely used as models of porous media (data are taken from

Refs. [10,11,16,17,19]).

Cantor dust in three

Three-dimensional Sierpinski

Percolation cluster in three

Scaling exponent dimensions gasket Menger sponge dimensions

D 3In2/1In3 =1.89* 28 In20/1n3 = 2.7268" 2.524 + 0.008°

dy 3 D=2 dy=D 1.837°

dy 3 2In4/In6 = 1.55* 2.51° 1.33°

dinin D/d, In2/1n3 =0.63* 1? 1? 1.374 £+ 0.004°

Dy 2D/d, Dy = 2dyin In6/In2 = 2.58 2.17° 3.755°

0 Dy —2 -0.74 0.58 0.17 1.755

Dy, Dy, =D Dy, =D 1.87 £ 0.03

dv d® =Dy, =D ¥ =d, 1.36 & 0.02°

db® "’ = d" = d; 1.21°

Dt 2pbb/qbb Dt = Dy Dt = Dy 3.09 £ 0.03°

Died 1.14 4+ 0.01°

Dy Dy =D Dy =D Dy =D 2.55 + 0.02°

d; 2In2/1In3 = 1.26* In2/1n3 = 0.63* In8/1n3 = 2.8928" D—-1=1.53
In2/In3 =0.63 a _ _ _

o; = dyin = (1/3)D° 1 In2/In3 =0.63 < D/3 D—-2=053>a;
In2/In3 =0.63 _ _ In2.5/1n3 »

D —d; —a; = (1/3)D In(4/3)/In2=0.415 < D/3 < o; —0.834>a; < D3 1>D/3>

2Exact values.
YResults of numerical simulations.

pore space or fracture network, defined as the union of all
self-avoiding random walks between two points [10,11,19],
the fractal dimension D,.q of the red bonds, defined as the
bonds which, when broken, divide the whole fractal into two
parts, and the fractal dimension Dy, of the hull, defined as
the set of fractal sites that form the entire external perimeter,
among others [11]. Besides, the fractal distribution of pore
(fissure) sizes can have the heavy tail asymptotic P oc LPdx,
where Dy;g is the fractal distribution dimension, even when
the pore space geometry is Euclidian (see Refs. [20]).

Regarding the transport in a fractally permeable medium
it is easy to understand that that the fluid flow is controlled
by the fractal dimension of the backbone Dy, of the fracture
network or pore space, rather than by the corresponding
mass fractal dimension D > Dy, [10,19]. Furthermore, the
connectivity and tortuosity of flow path through a fractally
permeable medium can be characterized by the backbone
chemical dimension d é’b , which can be defined from the scaling
behavior,

—d"
Vs = A% 3)

where Vpp is the volume of the backbone space and

A =2y (Lo " 4
= v + “)

is the length of the shortest path between two points on the
fractal divided by the distance L in the embedding Euclidean
space, while Vgg(€y) = 8(3). Notice that the geodesic lines on
the fractal backbone are characterized by the same dimension
of the minimum path d,;, as the geodesic lines on the whole
fractal [10]. Accordingly, the tortuosity of the shortest path,
defined as the ratio E = A/L, scales with the Euclidean

distance between two points as

~ L dmin_1 5
2oy 4)

for L > £y. Notice that for discontinuous fractals, such as
Cantor dust, the fractal dimension of the shortest path can
be less than one (see Fig. 2 and Table I), and so the chem-
ical fractal dimension dy = D/dy,;, is larger than the mass
fractal dimension D defined by Egs. (1) or (2). On the other
hand, if there is a continuous path between any two points
on the fractal, the fractal dimension of the shortest path
d® = dpin > 1, while the chemical dimensiond?” < d; < D
(see Table I). Besides, a random walk on the backbone of a
fractally permeable medium is characterized by the random
walk dimension

k- < Dy, (6)
S

Dy =246, =
where dsbb is the spectral dimension of the backbone and 6y
is the exponent characterizing an anomalous diffusion on the
backbone (see Refs. [10,11,19] and Table I). It is pertinent
to point out that while 6 is frequently considered as an
intrinsic property of the fractal, in fact, however, it is allied
with the mechanism of the diffusion process. Specifically,
in the case of continuous Darcian flow through a fractal the
anomalous diffusion exponentis 8 = 0 (dy = D, ord; = Dy,
if Dy, < D and so DR = 2), even when the random walk
on the fractal is characterized by 6 > 0, and so Dy > 2 (see
Table II).

The fluid flow in a fractally permeable medium is also
dependent on the fractal dimension of the pore (fracture)
surfaces Dg and the fractal dimensions d; of backbone
intersections with the two-dimensional Cartesian planes per-
pendicular to coordinate axis i = 1,2,3 (see [8]). Specifically,
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the fractal dimension Dg governs the medium permeability
(see Refs. [21]), whereas the fractal dimension d; controls
the Darcian velocities (volume of liquid flowing per unit area
per unit time) in a fractally permeable medium. Although there
are many isotropic fractals obeying the so-called Mandelbrot’s
rule of thumb for intersections according to which the fractal
dimension of intersection between the fractal and a two-
dimensional plane is equal to

d=D—1 7)

for any intersection with the two-dimensional plane (e.g.,
see Table I and Refs. [17,22]), more generally, the frac-
tal dimensions of intersections 0 < d; < 2 are independent
characteristics of a specific fractally permeable isotropic or
anisotropic medium (e.g., see Figs. 1 and 2, Table I, and
Refs. [8,16]).

III. THE CONCEPT OF FRACTAL CONTINUUM FLOW

The aim of the fractal continuum approach consists of
the mapping of an intrinsically discontinuous fractal medium
into the fractal continuum model (see Fig. 1), the behavior
of which is describable within a continuum framework [8].
Strictly speaking, a fractal ®” with D < 3 cannot contin-
uously fill the embedding Euclidean space E>. Still, we
can define the three-dimensional fractal continuum Z;CI% C

E? accounting the fractal metric, topology, and dynamic
properties of the modeled fractal medium ®P. In this way,
in Ref. [8] the fractal continuum CD?) C E? was defined as a
three-dimensional region of Euclidean space E* filled with
continuous matter (leaving no pores or empty spaces) such
that its properties, for example, density p(x;), displacements
v;j(x;), etc., are describable by the continuous (or, at worst,
piecewise continuous) and differentiable functions of the of
the space and time variables, whereas the mass of any cubic
(or spherical) region W C <I>L3) of size L obeys the fractal
scaling law (3) with the mass fractal dimension D related to
some kind of box-counting quasimeasure. This definition tells
nothing about the topology and dynamic properties of fractal
continuum, because in Ref. [8] it was implicitly assumed that
the fractal continuum ®; is characterized by the chemical
dimension d, = 3, while the spectral dimension is d; = D,
and so @13) = 3DCI>13). Below, the concept of fractal continuum
flow is generalized for the case of arbitrary values of d,
and d;.

A. Fractal metric of fractal continua

The above definition of fractal continuum @3 C E* implies
that the mass of region W C ®;, should be defined as

rn=/ p(xi)dVp =/ p(xi)es(xi, DY V3 oc L, (8)
w w

where dVs(dx;) is the infinitesimal volume element in E3,
while dVp = c3(x;,D)d V3 is the infinitesimal volume element
of @3 C E?, such that the function providing transformation
between the Euclidean and fractal quasimeasures is defined as

c3(xi,D) =dVp/dVs. €))

PHYSICAL REVIEW E 85, 056314 (2012)

Physically, function c3(x;,D) plays the role of density
of states in the fractal continuum, that is, describes how
permitted states of particles forming the fractal continuum
are closely packed in the Euclidean space (see Ref. [23]).
The symmetry and functional form of the transformation
function are determined by the symmetry of the fractal under
consideration [8]. Generally, the infinitesimal volume element
of ®;, can be presented in the following form:

dVp = d*xpd A (xin), (10)

where dAS = ¢ (xiz,di)d AY is the infinitesimal area

element on the intersection of fractal continuum with the
Cartesian plane (x;,x;) € E? normal to axes k in <I>L3) and
dA(zk) is the infinitesimal area of this element in E2, while
the transformation function cgk)(x,-#k,ﬂi#k,dk) = dAEik) /dA(zk)
represents the density of states on the intersection; dx; =
c(lk)(xk,g“k)dxk is the infinitesimal length element along a
normal to the intersection and c(lk)(xk,;“k) is the density of
states along this direction [8].
In the case of homogeneous fractal continuum

p(x;) = p. = const, Y

and so from Egs. (9) and (10) follows that the density of states
in the homogeneous fractal continuum can be represented in
the following form:

3, D) = 27 o/l 4+ DF N i, lisiodi), (12)

where ¢; is the lower cutoff along the Cartesian axis i and the
scaling exponent ¢; characterizing the density of states along
the direction of the normal to the intersection is defined as

& = D —d, (13)
such that, generally,

3
Y G #D; (14)

for example, in the case of fractal continuum obeying the
Mandelbrot’s rule of thumb (7), for example, the percolation
cluster in 3D [see Fig. 2(d)], the sum Z? ¢ =3 > D, whereas
in the case of the Menger sponge [see Fig. 2(c)], the sum
Z: g = 2.5021 < D = 2.7268 (see Table I and Ref. [8]).
Equations (8)—(13) define the fractal metric of fractal
continuum, which is independent on the fractal dimensions
dy and d;. Accordingly, here we assume that fractal continua
Zjd% C E? with different d, and d, are characterized by the
same fractal metric defined by Eqgs. (8)-(13), whereas the
fractal continuum topology and dynamics are characterized
by d, and d;, respectively. Furthermore, it is pertinent to note
that, regardless of the homogeneity of the fractal continuum
expressed by Eq. (11), the density distribution in E* displays
the long-range correlations characterized by the power-law
scaling behavior of the density-density correlation function

Ca) = (p()p(X + a@))
=V f p(E)p(F + d)es(F,D)dVs o |a|’  (15)
w

for |a@| > £y, where @ € E? and the brackets denote the spatial
average. It is easy to understand that any space independent
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property of the fractal continuum possesses the same kind of
long-range correlations.

B. Fractional calculus in fractal continua

To describe the kinematics and dynamics of fractal continua
j;@g C E* we need to define an appropriate fractional calculus
linked to the fractal metric defined by Eqs. (8)—(13) and
accounting for the topology and dynamic properties of the
fractal continuum flow. In this way, we noted that the right-
hand side integral in Eq. (8) with the transformation function
c3(x;) defined by Eq. (12) represents the multivariate Riemann-
Liouville fractional integral up to a constant numerical factor
(see Ref. [8]). The nonlocal fractional derivatives are also
commonly employed when dealing with fractals (see, for
example, Refs. [24]). One of the principal stimuli to the use
of the nonlocal differential operators is a nondifferentiability
of fractal functions. However, this is not the case with fractal
continuum Z;@g, the properties of which are continuous dif-

ferentiable functions in the Euclidean space E>. This permits
the use of local differential operators related to some kind of
a local fractional derivative inverse to the Riemann-Liouville
fractional integral employed in the definition of the fractal
continuum.

There are several definitions of local fractional derivatives
(see, for review, [25] and references therein). In most of
them, the local fractional derivative d* f/dx® is introduced
as a special case of the nonlocal fractional derivative, for
example, in the limit x — y, where y is the upper (or
lower) limit of the fractional integral used to define the
corresponding nonlocal fractional derivative. While the local
fractional derivative defined in such way is automatically
inverse to the corresponding fractional integral, the expression
of associated local fractional operators in terms of ordinary
derivatives is somewhat complicated and does not always exist.

At the same time, in Refs. [26,27] the local Laplacian
operator in E" was generalized for the Euclidean space E“
with the fractional topological dimension «. Specifically, in
Ref. [26] the local fractional Laplacian operator in E* was
defined as

? D—-120 1|:82 D-29

2 2= Sl ) BG4
Z)rzjL r Br+r2 3192+tanz9 819} (16)

where the angles ¢ is measured relative to any axis in the
fractional space passing through the origin. This definition
was generalized in Ref. [27] to three orthogonal coordinates
as

3
92 o —1 9
V2 = — d —
b Z <8x,~ + X; 8x,->

i

23: 10 [ 4y 0 an
= —_— | X. —_— .
; xf‘"_l 0Xx; ! 0x;

where o; < 1 are the topological exponents along the Cartesian
axes i = 1,2,3 in E3, such that Z? a; = a < 3. Itis pertinent
to note that the generalized Laplacian (17) can be linked to the
topology of the fractal continuum ZZCI% C E? characterized by
the chemical fractal dimension d,, rather than to its metric
defined by Egs. (8)—(13).
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On the other hand, quite recently, the authors of [28] have
introduced the concept of Hausdorff derivative defined as
follows:

dH n o
47 b~ i LD T

dx? x—x'

(18)

x't — x¢

It is easy to see that Eq. (18) can be presented in the form
of ordinary derivative multiplied by a power-law function of
x. Furthermore, rewriting Eq. (18) in the form

df . CAf(x)
—f = lim ——""
dxt Ax—0 ﬁoA()C/E() + 1){
_ Af(x) ¢
T A0 Ax LoA(x /Ly + 1)/ Ax

Cafda/e+ 16T d
=th |: dx i|

B xHde_eg*ld 3 df (19)
- dx” ¢ dx’ T dix”’

it is straightforward matter to verify that Hausdorff derivative
(19) is inverse to the fractional integral [ fd°x = [ fecidx,
where the density of states along the x axis ¢;(x;) is defined as
in Eq. (12). Accordingly, in Ref. [8] the fractional (Hausdorff)
partial derivative was defined in the following form:

18
Xk B
VA== +1 —, 20
¢ (Eﬁ) 031 (20)

where the exponents ¢ are defined by Eq. (13). Therefore,
the fractional Laplacian for the fractal continuum 2@} can be
defined as follows:

Ay =VVy

S 92y 1—¢ [0y
_ in2 | (¥ T
_Xi:(x ) |:<8x,-2>+xi+£i <8xi)j|’ @D

X0 =67 e ) = il + D', (22)

where

while the scaling exponents ¢; are defined by Eq. (13). Notice
that the dimensions of the Hausdorff derivative (19), Hausdorff
partial derivative (20), and Laplacian (21) are the same as of the
conventional ones, that is, [d¥ /dx*] = [L7'], [VF] = [L™']
and [Ag] = [L72], respectively.

It is important to point out the difference between the
Hausdorff Laplacian (21) and the fractional Laplacian (17),
although both are converted in the conventional Laplacian
in the Euclidean limit ¢; = o; = 1. This difference arises
from different origins of these Laplacians associated with
the fractional metric and fractional topology, respectively (see
Table II). In this context, it is straightforward to introduce
the generalized fractional Laplacian for the generalized fractal
continuum @3 C E3 with the chemical dimension

3
dy=) oj=a<3 (23)
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in the following form:

ARy = Z( (,))2[<a w>+

o — D+ di 81&
X + f,‘ Bxi ’
(24)

accounting the fractal topology, as well as the fractal metric
of the fractal continuum @}, C E*. Notice that when d; = 3,
the generalized Laplacian (24) is converted in the Hausdorff
Laplacian (21), whereas when D — d; = 1foralli, whiled, <
3, the fractional Laplacian (24) is converted in the fractional
Laplacian (17).

Although the definition of the generalized Laplacian (24) is
somewhat speculative, it is based on the same phenomenology
as the introduction of the fractional Laplacian (17) in the
fractional Euclidean space (see Refs. [26,27]). Unfortunately,
we cannot define the local fractional derivative allied with
the generalized Laplacian (24). Even though in the case
of generalized fractal continuum flow sdﬁ C E3? we can
use the local fractional differential operators assocnated with
the fractal metric defined by Eqgs. (8)—(13), the generalized
Laplacian (24) can be used to construct the constitutive
laws for fractal continuum flows Z’;d)f) C E* with different
topologies characterized by the chemical dimension dy # D
(see Table II).

It is straightforward to verify that the partial Hausdorff
derivatives (20) obey the rule V(¥ 9) = ¢y Vg + VY
and ViH const = 0. Furthermore, we can construct the local
fractional (Hausdorff) operators for vector calculus on the
fractal continuum. Specifically, a fractional (Hausdorff) nabla
operator is defined as follows:

- - 0 - 0 0
Y e X L E )
0x X2 0x3

where ¢; are base vectors. Accordingly, the Hausdorff gradient
can be defined as the nabla operator (25) applied to a scalar
function ¥ (x;) as

grad, v = VY = (VI'9)é + (V3'y)e + (Vi'y)e,

(26)

while the Hausdorff divergence of vector field U=
(¥1,¥2,¥3) can be defined as the scalar product

3

divg ¥ =V . 0 =3 v/, (27)
where the symbol ““-” denotes the scalar product. Notice that the
Hausdorff divergence represents the ratio of total flux through a
closed surface to the fractal continuum enclosed by the surface
when the volume shrinks toward 6(3). This leads to definition of
the Hausdorff curl operator of a vector field in the following
form:

rotHil:%Hxl_I'/, or ViH\Iszsk,-jViHlI/j, (28)

where the symbol x denotes the vector product and & is the
Levi-Civita symbol.

Now it is straightforward matter to verify that Hausdorff
operators (24)—(28) obey the identities which resemble the
fundamental identities of the conventional vector calculus.
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Namely,
divyroty W = VH . (V7 x ¥) =0, (29)
rotygrad, ¥ = V¥ x (VAy) =0, (30)
divygrad, v = V7 . Vg = Ay, (31)

where the Hausdorff Laplacian operator Ag is defined by
Eq. (21), while the Hausdorff Laplacian of a vector field is
defined as

AV = (Apy)é + (Auvjér + (Apyi)es
= gradeivH\_I; — rotHrotH\if. (32)

Accordingly, the generalization of the Green-Gauss diver-
gence theorem for fractal continuum reads as

/\f!-ﬁdAd
A

= / \Ilki’lde(dk)Z/ \Ilkcz )(xl;ékadk)dA()
A A
oW,
:/ cgk)(x#k,ﬁi;ék,dk)_ dvs
% axk
) 2w
=/ C31(X,‘/£i,DM)C(zk)(xi75k7£i7ékadk)_deD
w axk

= / VWV, = / divyWdVp, (33)
w w

where ¥ = W, ¢, is any vector field accompanied by fractal
flow, while 77 = niéy is a vector of normal. Furthermore the
Kelvin-Stokes theorem, which relates the surface integral of
the curl of a vector field f over a surface A in Euclidean three-
dimensional space to the line integral of the vector field over
its boundary d A, can be generalized for the fractal continuum
flow as

f Fodx®
7§ fedx® —/ (k)fkkaZ/nkEkﬂ e 1)
A

= / ii - roty fdAq. (34)
A

It should be pointed out that while formally Egs. (33)
and (34) are similar to those derived in Refs. [29,30] for an
isotropic fractal continuum [31], the local fractional operators
used in Egs. (33) and (34) are substantially different from
the corresponding fractional operators used in Refs. [29,30].
In this context it is pertinent to note that a general Stokes
theorem for nonsmooth chains was proved in Ref. [32].
The Green-Gauss divergence and Kelvin-Stokes theorems
for domains with boundaries of noninteger box dimension
were proved in Refs. [33]. The fractional generalizations of
Green-Gauss divergence and the Kelvin-Stokes theorem for
nonlocal calculus were suggested in Refs. [34].

The Lagrangian metric of fractal continuum Z;d)g C E3can
be accounted by using the Hausdorff partial time derivative
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defined as
V! = x:(1) 0 (35)
;= Xt FYS

where 7 is the characteristic time scale and

t 1—a;
Xr = (— + 1) , (36)
)

while the fractal dimension of time scale is defined as

ds 2 2
=== (37)
D Dy 246
where Dy is the fractal dimension of random walk in the
fractal continuum Z;CD;) C E3.

C. Kinematics and dynamics of fractal continua

The mathematical description of fractal continuum flow
Z‘;‘Cbg C E? requires two sets of variables: a set for the flow

domain in the Euclidean space E3 and time, called independent
variables, and a set for the flow phenomena taking place in
the fractional space-time domain, called dependent variables.
The independent variables can be established in various ways.
One can look at a region of space (Euler) or look at what
happens to specific pieces of the fractal continuum (Lagrange).
The material or Lagrangian description is the natural choice
for the setup of the basic laws for mass, momentum, and
energy, whereas the spatial or Eulerian description is the
most convenient framework for the solution of the associated
initial and boundary value problems. Each description leads
to a set of, at most, four independent variables and the basic
laws appear in different form in different descriptions. In this
context, the kinematic information on a fractal flow field can
be given in terms of the position field or the velocity field.
The velocity field does not track the behavior of individual
partials, but it describes the velocity of whatever happens to
be at a given location. In contrast to this, the acceleration
appears more naturally in the material description as the time
rate of change of the velocity of a fixed material point.

Here, we suppose that the three-dimensional fractal contin-
uum occupies at time ¢t = 0 a region Wy € j;d% C E3 and, at

time ¢ > 0, occupies a region W, € Zj,d% C E3, where regions
Wy and W, are assumed to be bounded, open, and connected.
The motion of fractal continuum is determined by the position
% of the material points in Euclidean space E* as a function
of the reference position X e E 3 and the time t. Hence,
X= @@ ,1), where the function ® is defined as the mapping
Wo — O(Wy,t) = W,, and so the displacement vector

=0, —* (38)

describes the displacement field in the initial (reference)
configuration of the fractal continuum. Further, as in the case
of classical conginuum mechanics, we assume that for every
t > 0, function ® is a smooth one-to-one map of every material
point of W, onto W,, such that there exists a unique inverse
of (38), at least locally, if and only if the determinant of the
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fractal Jacobian matrix defined as

vix, vix, vix,
I =[vix;]= VX, ViX, VIX,| (39
VX, VX, viXx,

is not identically zero, that is,
0<Jp=detJy =e;VEXVIX; VX, <00, (40)

where ¢;; is the Levi-Civita permutation symbol. Notice that
the matrix in Eq. (39) is nothing other than the Hausdorff
deformation gradient in the fractal continuum Z;CI% C E3,
while the Jacobian (40) depends only on the fractal metric,
but not on the fractal continuum topology characterized by d,.
This is easy to understand since Jp measures the local change
of volume only, such that a deformation conserves the volume
of aregion W C §®;, if and only if Jp = 1.

In this context, the velocity of fractal continuum flow W C
Z;@g can be defined using either the intrinsic (fractal) or natural
time scale. In the former case, the particle velocity can be
defined as

v =V, 41)

where the Hausdorff time derivative is defined by Eqs. (35)—
(37). Furthermore, using the conventional rule for determinant
differentiating it is straightforward to obtain the generalized

Euler’s identity for the fractal continuum Z‘ZCD;’) C E? in the
following form:

VHIp = JpViv;. (42)

Accordingly, we can define the fractal material fractional
time derivative as

a4 v =VHiy uviy =y 3w+ukx“‘>iw
dir ), ! k T ot axe

(43)

where v(x;,t) is any quantity accompanied by a moving
region W; C ‘2@[3), such that the generalization of the Reynolds

transport theorem for a fractal continuum Zid% C E® willreads
as follows:

d
(ml,/w, Vavo

d JpdV?0
(WUWJ” odVp

d J d Jp lav?e
_(E)D‘” D”’(E)D D} D

i d H 0
(&), + 5t

TR
T

(¢ VHu ldV
_(m)Dlﬂ'ﬁ/f kvk] D

(VY + VEu))dvp

I
T

(VAy)dVp + / Yuend AD . (44)
A
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Notice that in the case of fractal continuum CIDg = ?d)g C
E3, Eqgs. (41)—(44) are converted into the corresponding
equations derived in Ref. [8] and further into the conventional
equations for Euclidean continua, if the equality (7) holds.

Here, it should be pointed out that the use of an intrinsic
(fractal) time scale is justified when we describe an anomalous
diffusion of fractal continuum, but not when the fractal
continuum flow is used to model the fluid flow in a fractal
porous medium. In fact, anomalous values of Dy reflect that
the walking particle can visit the same place many times, but
this is not the case of Darcian flow in a porous medium. Hence,
to model the Darcian flow in porous media we should assume
that the fractal continuum flow is characterized by the spectral
dimension dy = D, rather than by the spectral dimension of
fractal porous medium (see Table II). Moreover, in the next
section we show that the use of fractional time derivative leads
to failure of the momentum conservation, which is essential for
the fluid flow, but not for the diffusion. Therefore, the fractal
continuum flow velocity should be defined as

0.
—v
ot
and so the Euler’s identity for the fractal continuum [1,)[ @g C E?
reads as

(45)

U=

d
— ) Jp=JpViv, 46
( di ) R D DV; VY (46)
where the fractal material time derivative is defined as
d oy I
- = V., 47
<dt>D1ﬁ at+uk P “47)

and the Reynolds transport theorem for a fractal continuum
has the following form:

d dv,
(a)D W V4

_(4 0

_<dt>D WOWDdVD

[(d d 0
L), oo (), 20 jovs
/W <%) 1//+1pv,f’uk}JDdV3
oL D

(4 Vau, |dVv,
le _(E)DW'F‘// k”k] D
=/ (ﬂww,f’(wuk))dvl)

w, \ 0t

3
=/ 5x/fdvDJr/ Yugnd Ay, (48)
f A

which implies that a rate of change of the integral of a function
over a volume of fractal continuum is related to the change
in the value of the function in the volume and any change in
the size of the volume due to the movement of its boundaries.
Notice the difference between Eqgs. (47) and (48) and the forms
of the material time derivative and the Reynolds transport
theorem adopted in the fractal continuum model suggested in
Refs. [35].
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D. Conservation laws for fractal continuum flow

In previous Rapid Communication [8] the fundamental
conservation laws were derived for the special case of fractal
continua ®;) = @} C E3. It is straightforward to see that a
specific fractal topology of generalized fractal continuum flow
£¢g C E? does not affect the fundamental balance equations
(see Sec. III C). Specifically, the continuity equation for the
fractal continuum flow 2@} C E? can be written in the form

9pc
ot

which implies that the velocity field in a stationary flow (i =
const) of an incompressible (p. = const) fractal continuum is
solenoidal in the sense that for any closed surface W the net
total flux through the fractal surface is equal to zero when

= —divy(pci), (49)

.- A 17y
divgu =0, whereas divu = Z Fy # 0. (50)
Xi

i

It is pertinent to point out that the solenoidal velocity field
in the fractal continuum can be expressed as the Hausdorff
curl of a vector potential &, that is, u# = roty ®, where the
Hausdorff curl is defined by Eq. (28). In this context, the
irrotational flow of fractal continuum should be defined as
the flow with rotyu = 0. Making use of the terminology of
classical hydrodynamics, the vector field

@ = rotyii (51)

can be termed as the fractal vorticity. Furthermore, using
identities of fractional vector calculus (29)—(32), the velocity
of irrotational flow of fractal continuum can be presented as
u = grad ¥, where the scalar field ¥ (x;) obeys the condition
Agy = 0. Itis straightforward to verify that any velocity field
in fractal continuum can be decomposed into irrotational and
solenoidal parts as follows:

i =roty® + grad, ¥ (52)

Notice that in the case of fractal continuum flow obeying
Mandelbrot’s rule of thumb for intersections (7), Eq. (52) coin-
cides with the decomposition used in classical hydrodynamics.

The conservation of momentum is Newton’s second law.
Following to the concepts of classical continuum mechanics,
the forces that act on the fractal continuum or its part can be
divided into two categories: those that act by contact with the
surface, called surface tractions (f), and those that act at a
distance, called the volume or body forces (F'). Further, taking
into account the definition of the fractal Jacobian (39), the
surface forces in the fractal continuum flow can be presented
as the Hausdorff gradient (26) of stresses, that is,

T = —Vl.Hcr,-j, (53)

where o;; = pé;; — o} is the Cauchy stress tensor, p is the
pressure, and o}/ is the viscosity stress tensor. The conservation
of momentum in fractal continuum flow P®;, C E* implies

that

d
(—) f peidVp = / (pefi + VV0,)dVp.  (54)
dt) p Jw W J
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where f; is the density of volume forces, for example, the
gravitational constant g, or the density of electric or magnetic
forces, while the fractal material time derivative is defined by
Eq. (47). Using the continuity equation (49), the balance of
density of momentum in fractal continuum can be presented
in the following form:

d 9 H ~1(gH H_v
(E)Dui :gui‘f'uivj uj=fi+p. (VP +Vja}),

(55)

which converts into the conventional equation of the density
of momentum balance when d; = D — 1 for all i. Notice that
Eq. (55), together with the mass conservation equation (49)
and appropriate boundary conditions, are sufficient to describe
the steady flow of an inviscid (o;; = 0) incompressible (p. =
const) fractal continuum.

The internal energy d E of an element of fractal continuum
of the mass d Mp is equal to d E = e(x;,t)p.(x;,t)dVp, where
e(x;,t) is the internal energy density, while the kinetic energy
of the mass d Mp moving with the velocity #(x;t) is equal to
dT = 0.5p.|i|?>. Accordingly, the total energy of region Wof
fractal continuum is defined as follows:

2
U:E—}—T:/ ,oc(e—i—u—)dVD.
. 2

The change of the total energy of region W can be defined
as

Ut) —U(n) =Qy + Qs + O,

where Q) is the work of mass forces f,ochD, Qg is the
work of surface forces o;;n;¢;dVp, o;; is the Cauchy stress
tensor, and Q s = pc7 is the heat that are influx into the region
W e C?ZCDS) C E? through the surface dW, while y = y;n; is
the heat influx density. Therefore, the rate of the total energy
change can be presented as follows:

d v
“ e+ =
dt Wp 2 P
=f pcuifidVD+/ (wioijnie; +niyi)dAq.  (56)
w aw

Employing the generalized Green-Gauss divergence theo-
rem (33), Eq. (56) can be rewritten in the following form:

d
/[m(E) e—al-jv;’u,-—pcvi”m]dvg, (57)
w D

which is valid for any region W of the fractal continuum
Q@) C E®, while the material time derivative is defined by
Eq. (47). Hence, the differential equation of energy density
balance in the fractal continuum flow has the following form:

d de
Pe (E) ¢=pegs +uip.Vilte = O'ijijMi + pcViy;.
D

(58)

Notice that Eq. (58) converts into the conventional equation
of energy density balance when any intersection of the
continuum flow with Cartesian planes is characterized by the
same fractal dimension (7).
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Here, it is pertinent to note that in the case of an anomalous
diffusion of fractal continuum with the intrinsic time scale
dimension «; < 1, the continuity equation has the following
form:

V! pe = —divy(p.D). (59)

Taking into account the definitions of Hausdorff partial
time derivative (35) and particle velocity (41), Eq. (59) can be
rewritten in the form of Eq. (49) with the flow velocity defined

as
.0 (z )1
u=—v=|—+1 v.
ot 70

At the same time, the equation for balance of density
of momentum in the case anomalous diffusion of fractal
continuum can be presented in the form

d
(m)l) v, = V[HUZ‘ =+ UiVjHUj

) au,- + Uu;
R at t+ 1

= f; +p;](vin+VJHO';}). (60)

Equation (60) implies that the momentum cannot be
conserved during an anomalous diffusion of fractal continuum.
Furthermore, it should be pointed out that the failure of
the momentum conservation law is the common feature of
phenomenological models of fractal flow based on the concept
of anomalous diffusion.

H
+ M[Vj Mj)

E. Gravitational head and hydrostatic pressure
distributions in fractal continuum

When a fractal continuum is at rest and the volume force
field is determined by gravitation only, Eq. (55) of momentum
density balance in fractal continuum reduces to the condition
for hydrostatic equilibrium in the fractal continuum

grady p = pg, (61)

where vector grad,p defined by Eq. (26) expresses the
magnitude and direction of the maximum spatial rate of
increase of the scalar property p. It should be emphasized that
hydrostatic distribution (61) is valid for any fractal continuum
at rest, regardless of its viscosity, because the viscous term
vanishes identically. In the hydrostatic condition, the pressure
variation is due only to the weight of the fluid. Notice that
the maximum pressure increase will be in the direction of the
gravity field.

In a given gravity field, the pressure may easily be calcu-
lated by integration of Eq. (61). If fractal continuum is so nearly
incompressible that we can neglect their density variation
in the hydrostatic equilibrium, the pressure distribution in a
homogeneous fractal continuum has the form

D—d,
z ;
p@) = po — g(D — d)pot. (Z— + 1) SN ()
Z
where pg = p(z = 0)is the pressure on the free surface normal
to the gravitational field. Notice that when D — d, < 1, the
gravitational head increases with the fluid elevation more
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slowly than in the Euclidean case and when the equality (7)
holds.

F. Generalized Euler equation and Bernoulli integral

For inviscid fractal continuum flow in a gravitational field,
Eq. (55) reduces to the generalized Euler equation in the form

dt
which resembles the classic form of Euler equation and
converts to it when the equality (7) holds. From Eq. (63)
immediately follows that the generalization of Bernoulli
integral for a steady incompressible flow of inviscid fractal
continuum in the gravitational field can be represented as

d - -
Pe ( ) u=pg— gradyp, (63)
D

w2 p z D
Z—k—i-——i-g(D—dz)@z(—‘i‘l) = h = const,
X 2 Lo £

(64)

where the notations z = x3, £, = {3, and d, = d; are used,
while % is the total hydraulic head. It is important to note
that Eq. (64) can be relatively easily verified in laboratory
experiments with prefractal porous reservoirs (see Ref. [8]).
Notice that, generally, the total hydraulic head can be presented
as the sum of elevation, pressure, fluid velocity, osmotic, and
other potentials.

G. Sound waves in fractal continuum flow

The wave equation in a fractal continuum can be derived
by considering small perturbations to the governing balance
laws describing the dynamics of the fractal continuum flow.
In the case of isotropic fractal continuum flow the isentropic
(adiabatic and reversible) oscillations of pressure, density, and
flow velocity about an equilibrium point (py, 09,0 = 0) can
be presented as

p=po+p. pe=po+p, and w=u +uj, (65
respectively, where p’ < po, p’ < po, and u} < u'”, while

d d d d
o _qg PO _g 0 _q

— 0. —0, —0, 0.  (66)
ot 0X; ot 0x;

Substituting (65), in Egs. (49) and (55) under condition
fi = 0, we obtain the following equations for the first order of
the perturbation:

ap

ot

Taking the partial time derivative of the first equation of

Eq. (67) and substituting the result into the second equation of
Eq. (67) we get

/ /!

9
= —poVu, and a—i = —p;'VHp (67

A

82/0/
W = ViHVin/. (68)

For adiabatic process p = p(p.,S) and so, for the first order
of perturbation we have

0
p =a*p’, where a= (_p) (69)
s

ap

PHYSICAL REVIEW E 85, 056314 (2012)

is the sound velocity. Accordingly, the wave equations in an
isotropic fractal continuum flow can be written in the following
form:
2. 2.7/
aat‘; —a’Ayp  and aaf; — Ay, (70)
where the Hausdorff Laplacian is defined by Eq. (24). Notice
the difference between Eq. (70) and the wave equation derived
in Ref. [29]. It is easy to see that the wave equations (70)
can be converted in the conventional equations for sound
propagation in a fluid by the change of variables x; — x;/x .
Consequently, the solutions of Egs. (70) can be easily obtained
by the change of variables in the corresponding solutions of
the conventional wave equations in fluids.

H. Fractal continuum hydrodynamics

To develop fractal continuum hydrodynamics we need to
use two fundamental types of laws: the conservation laws and
the constitutive laws. The above-derived conservation laws
describe the conservation of matter, energy, and momentum,
while the constitutive law should define the relationship
between the displacements in the fractal continuum and the
applied forces. The constitutive laws of continuum mechanics
cannot be deduced from the laws of mechanics of material
points and rigid bodies, but can be defined from physical
experiments, for example, Hooke’s law of elasticity, the
Newtonian viscosity law, etc. To derive the hydrodynamic
equations for fractal continuum flow, the constitutive relations
of classical hydrodynamics should be mapped into the fractal
continuum framework. In this way, there are a number of
rules that must be used to produce constitutive equations that
are admissible from the rational and physical standpoints.
Specifically, the constitutive equations should be invariant
under any change of reference frame. Furthermore, the current
rheological and thermodynamic state of the material should
be completely determined by the history of the thermokinetic
process experienced by the material. Specifically, in the case
of incompressible materials, the stress state is determined
to within the hydrostatic pressure, which depends on the
boundary conditions and the problem geometry. Besides, the
stress tensor at a given point does not depend on movements
occurring at finite distance from this point.

Experimental observations suggest that when a fluid is
sheared, it begins to move at a strain rate inversely proportional
to fluid viscosity [36]. In the case of the Euclidean flow of a
Newtonian fluid, such as water and oils, the strain rate is a
linear function of applied shear. The Stokes constitutive law
for Euclidean continuum flow of a Newtonian fluid has the
following form:

u;  Jdu; 20w ou;
oij = —pdij + 1

dx;  dx; 3dx A dx; b (7D
where p is the fluid pressure, u is the dynamic viscosity, A is
the coefficient of internal viscosity, and §;; is the Kronecker’s
8 [37]. Notice that the viscosity of Newtonian fluids is a
true thermodynamic property which varies with temperature
and pressure [36]. In the case of fractal continuum flow, the
definition of fractal Jacobian (39) implies that the tensor of
stresses in compressible Newtonian fluid should be presented
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in the following form:

0ij = —ptsij + M(ViHuj + V.]«Hui — %V[Huz) + )LVZHMIS,']',

(72)

which expresses the linear relation between the shear stresses
and the pure shear strain rates in the fractal continuum 3D<D13) -
E3, whereas the conventional form of constitutive equation
(71) in the case of fractal continuum flow implies a nonlinear
dependence between the shear stresses and the pure shear strain
rates in the fractal continuum.

Substituting Eq. (72) into Eq. (55) and making use the
vector fractional differential operators, we get the generalized
Navier-Stokes equation for fractal continuum flow ?@g C E?
in the vector form,

[Zt + (i - VH)M:|

= —grady;p + pAyii + (3 + %) grad, divyii +
(73)

which resembles the vector form of the classic Navier-Stokes
equations describing the motion of a Newtonian fluid in E>.
Notice that Eq. (73) converts into the classic Navier-Stokes
form if d; = D — 1 for any intersection of fractal continuum
flow with a two-dimensional plane in £ 3138].

In the case of generalized fractal continuum flow d<I>3

E* with a nontrivial topology characterized by d; < 3, the
generalized Newtonian constitutive equation can be different
from Eq. (73). While we cannot define the general constitutive
equation for fractal continuum flow Z d% C E3 in the form of
generalized Stokes law, in the next section, the fractal topology
of fractal continuum flow ;; Dol E3 will be accounted for in
the phenomenological form of the pressure-transient equation
for the generalized fractal continuum flow.

IV. MAPPING OF FLUID FLOW IN FRACTALLY
PERMEABLE MEDIUM INTO FRACTAL
CONTINUUM FLOW

Fluid transport in porous media can be described on
two fundamental scales: the microscopic pore scale and the
Darcy scale [1]. On the pore scale, transport phenomena are
governed by the classic Navier-Stokes and advection-diffusion
equations, whereas on the Darcy scale, the fractal flow is
expected to obey the fractal continuum hydrodynamics. In
fact, the question of whether a fluid flow in porous medium
can be considered as a continuum flow for the solution of
specific problems or analysis of some experimental data is
often a subjective matter. The concept of a continuum is an
idealization, which may approximate reality when one looks
at the appropriate distance and time averages. Therefore, the
term “continuous” commonly means that various properties
averaged on a length and time scale of interest vary smoothly
within the region except possibly for a small number of
discontinuities. Accordingly, heterogeneous media are often
modeled in a continuum framework using an effective medium
or mean field approaches (see, for example, Refs. [39,40]). In
this context, the fractal continuum hydrodynamics can provide
an overall description of fluids flow in a fractal porous medium.
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Consequently, fluid flow in a fractally permeable medium
should be mapped into the flow of the three-dimensional fractal
continuum 7@}, C E* with the fractal quasimetrics defined
by a nonunlform distribution of the degrees of freedom for
its points (see Fig. 1). The simplest case of fractal flow
in permeable media is flow of a single homogenous fluid
phase through a porous and/or fissured solid. The mapping
of fluid flow in a fractally permeable medium into the
fractal continuum flow implies that the density of the fractal
continuum p, is related to the fluid density o as

Pe = ¢py, (74)

where ¢ is the effective porosity of the fractally permeable
medium. Consequently, the dynamic viscosity of fractal
continuum flow is related to the fluid’s dynamic viscosity

My =pysnyas
He = NePe = NPpr = Py, (75)

while the kinematic viscosity of fractal continuum 7. is
assumed to be equal to the fluid’s kinematic viscosity, that
is, ne = ny = n (see Table III).

Furthermore, in this work we assume that the fractal con-
tinuum flow 2 CID3 C E3 is governed by the balance equations
(49), (55), and (58) associated with the fractal metric defined
by Egs. (8)—(13), while the form constitutive equation depends
on the fractal flow topology characterized by the chemical
dimension d,, whereas the spectral dimension of hydrody-
namic (Darcian) flow is always d; = D, even when the spectral
dimension of fractally permeable porous medium is less than
its mass fractal dimension (see Table II and discussion in
Sec. III A). Formally, the equality d; = D can be interpreted as
a consequence of equality DVDV‘dICian = 2 under the assumption
that the fractal continuum flow obeys the Alexander-Orbach
law [41]d; =2D/Dw = 2D/(2 + 0) (see Ref. [11]). In fact,
however, the Alexander-Orbach law is intimately linked to a
specific form of the fractal Einstein law related the electrical
resistivity exponent ¢ to the fractal dimensions of medium and
random walk [42]. It was proved that the Alexander-Orbach
law holds if & = Dy — D > 0 [43], but otherwise it can
be failed [44]. In the last case, the fractal Einstein law
has a more general form ¥ = 0.5Dw(2 — d;), where Dy
and d; are independent characteristics of the corresponding
fractal structure [44]. Hence, the random walk in the fractal
continuum flow can have the fractal dimension Dy # 2, even
if d; = D. The knowledge of the fractal dimension of random
walk in the fractal continuum flow is important in modeling
the diffusion in the flow (see Table II).

In this work, we are especially interested in either the
stationary flow through a porous and/or fissured medium,
conventionally described by Darcy’s law (see Refs. [1]), or the
pressure transients in porous (fissured) reservoirs, commonly
described using the equations derived by the substitution of
Darcy’s law into the continuity equation (see Refs. [45,46]).
Both cases are discussed below.

A. Analog of Darcy’s law for fractal continuum flow

Historically, Darcy’s law was introduced in a phenomeno-
logical way for single-phase flow through sand. In its original
form Darcy’s law states that the flux Q of a single phase fluid
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TABLE III. Relations between the properties of fractal continuum flow, the properties of the fractally permeable medium, fluid, and the

flow dynamics and geometry.

Flow in porous and/or fissured medium

Parameter Permeable medium Fluid Fluid flow Fractal continuum flow
Porosity 103
Characteristic size £, Eq. (2) Egs. (1) and (12)
Tensor of absolute permeability K;;
Relative permeability kij
Effective property of continuum flow K,.(;’) = f(Kij,kij)

related to the medium permeability
Fractal properties See Table I Determined by the fractal geometry See Table II

of permeable medium

Flow dimension See Fig. 3 dy
Density Pm = po(1 — @) Pr(p,xi,t) Eq. (74)
Compressibility Cm Eq. (85) Eqgs. (90) and (91)
Constitutive law Newtonian Eq. (71) Eq. (72)
Kinematic viscosity ny=n Ne=rn
Dynamics viscosity Wy =psn Eq. (75)
Coefficient of internal viscosity Ay Ae = @Ay
Flow velocity (u) Eq. (45) Egs. (45) and (52)
Darcian velocity Eq. (77) Eq. (80)
Hydrostatic head gz(x,y) Eq. (62)

is related to the pressure drop Ap over sample length L as

=A——, 76

o ) (76)

where A, is the area of cross section and K is the intrinsic

permeability of the porous medium [36]. Accordingly, the
Darcy velocity, defined as

q=Q/Ay = ¢u, (77)

is not a true velocity of the fluid, but represents an effective
flow rate through the porous medium. Strictly speaking,
Darcy’s law holds only for Newtonian fluids over a certain
range of flow rates. As the flow rate increases, the deviations
from this law have been noticed. It has been experimentally
observed and mathematically shown that these deviations are
due to inertia, turbulence, and other high-velocity effects (see
Refs. [47] and references therein).

Although Darcy’s law was proposed from empirical ar-
guments, Hubbert [48] showed that an equation similar to
Darcy’s law can be obtained from averaging equations of flow
for fluids on the microscale. Further, in Ref. [49] it was showed
that Darcy’s law may actually result from the macroscale
momentum balance equation by upscaling of pore-scale mass,
momentum, energy, and entropy balances in the framework of
a thermodynamic averaging theory and applying a large set of
assumptions. Afterward, the authors of [50] have developed
a more rigorous approach that includes the use of spatial
averaging theorems to obtain the expression of Darcy’s law
for three-dimensional flow in the following form:

> K; j >
q=——(Vp—pg), (78)
"
where the intrinsic permeability tensor K;; is assumed to be
a property of the porous medium and g is the gravity vector.
The same relationship between pressure gradient and flow rate

has been found by rigorously homogenizing the Navier-Stokes
equations but imposing the assumptions that inertial forces and
friction within the fluid can be neglected [51].

The effect of fractal geometry of porous media on the
Darcian flow was discussed in Refs. [52]. In these works
a convolved version of Darcy’s law based on a fractional
integral was proposed. The generalized Darcy law employing
the Riemann-Liouville fractional derivative was suggested in
Ref. [53]. In Ref. [54] Darcy’s law was modified, introducing
general memory formalisms operating on the flow as well
as on the pressure gradient, which imply a filtering of the
pressure gradient without singularities. In this context, the
authors of [55] have proposed fractional geometry to model
and explain deviations of Darcy’s velocity due to fractured
rocks in aquifers. Further, based on the study by O’ Shaugnessy
and Procaccia [56] on anomalous fractal diffusion, the authors
of [57] have suggested that the permeability of fractal fracture
network vary as a power of distance from the source term r,
that is,

K, ocrPrPest, (79)

where Dr and D,, are the Euclidean and fractal dimensions of
fracture network, respectively, while 6 > 0 is the anomalous
diffusion exponent related to the dimension of random walk
as 0 = Dy — 2. The classical Darcy’s law was generalized
by regarding fluid flow as a function of a noninteger order
spatial derivative of the piezometric head [58]. More recently,
a fractional-order Darcy’s law was derived from a fractional
Newton’s law of viscosity employing nonlocal fractional
calculus [59].

A rigorous derivation of the generalized Darcy’s law for
a fractal continuum flow from the generalized Navier-Stokes
equation (73) represents a challenging task for further research.
The specific expression related the hydraulic head and flow
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velocity is dependent on the assumptions used to perform
the averages in the fractal continuum flow 7®}, C E*. Even
though, following the Darcy’s law derivation in Ref. [60],
but employing fractional Hausdorff operators (24)—(28), here
we anticipate that the generalized Darcy’s law for fractal
continuum flow @7, C E3can be expressed in the following
form:
©

uj = ——=Vi'(p = hy), (80)
e
where the pressure p(x;) and the gravitational head hg4(x;)
are, generally, functions of Cartesian coordinates x; € E3,
while K l(j) is the characteristic tensor property of the fractal
continuum flow associated with the permeability tensor Kj;
in the fractally permeable medium under consideration (see
Table III). Notice that for reservoirs and wells of known
geometry the gravitational head can be defined in a usual way
taking into account Eq. (62), while divyu = v (x;), wherein
¥ (x;) is the source/sink term.

It is interesting to note that Eq. (80) resembles the classic
Darcy’s law (78) with the spatially varying permeability (79)
regardless the expression for the permeability scaling expo-
nent. In fact, assuming that K ) = K;, while in the principal

coordinates Kl.@ =0, and takmg into account relationship
(75), Eq. (80) can be rewritten in the form of Eq. (78) as

KA
q=¢u= —M—’fgrad(p—hg), (81)

with the spatially varying apparent permeability
K o x DK oc x0T (82)

Furthermore, in terms of the Darcy experiment, Eqgs. (81)
and (82) can be presented in the form

Ked= =1 Ap

0= Aqg o (83)
which can be used for the experimental validation of the
generalized Darcy’s law (80). If we chose A, L?, Eq. (83)
implies that the apparent permeability scales with the reservoir

size R as
KA o R?-1-D, (84)

because Ay o< L2, while ¢ = Q/A,. Notice that the power-
law increase of hydraulic conductivity with increasing scale
of measurement is consistent with the field observations from
many sources (see Refs. [61]).

It is important to point out that, regardless of the similarity
of Eq. (80) to Darcy’s law (78) with the spatially varying
permeability (79), the physical essences of these models are
different. In fact, the power-law scaling of fractal permeability
(79) accounts for the fractal geometry of porosity (¢ oc r?=Pr)
and the anomalous diffusion characterized by the diffusion
coefficient Dgir o r~, whereas the power-law scaling of
apparent permeability (81) reflects the metric properties of
the fractal continuum, while an anomalous diffusion plays no
role in the case of Darcian flow of a fractal continuum (see
Table II).
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B. Pressure-transient equations for fractal continuum flow

Mathematical models of petroleum reservoirs have been
utilized since the late 1800s. The major goal of reservoir
simulation is to predict future performance of the reservoir
and find ways and means of optimizing the recovery of some
of the hydrocarbons under various operating conditions. A
mathematical model consists of a set of equations that describe
the flow of fluids in a petroleum reservoir, together with an
appropriate set of boundary and/or initial conditions [45].
A standard method to characterize hydraulic properties of
porous and/or fissured media is the pressure-transient analysis
of pumping test data. Pressure-transient testing techniques,
such as pressure drawdown, buildup, injection, fallow, and
interference tests are widely used to analyze and forecast
reservoir performance [46]. During a well test, the response of
a reservoir to changing production (or injection) conditions is
monitored. Since this response is related to reservoir proper-
ties, it is possible in many cases to infer reservoir properties
from the response. Therefore, the well test interpretation is an
inverse problem in which model parameters are inferred by
analyzing model response to a given input.

During a well test, a transient pressure response is created
by a temporary change in production rate. In most cases,
the flow rate is measured at the surface while the pressure
is recorded downhole. Before opening, the initial pressure
po is assumed to be constant and uniform in the reservoir.
During the flowing period, the drawdown pressure response
is defined as the pressure drop Ap = py — p(x;,t). When the
well is shut-in, the buildup pressure change Ap = p(t) — p4
is estimated from the last flowing pressure p, = p(At = 0).
The pressure response is analyzed versus the elapsed time A¢
since the start of the period (time of opening or shut-in). In
practice, for a given period of the test, the change in pressure
Ap is plotted on log-log scales versus the elapsed time Af,
while the test period is defined as a period of constant flowing
conditions, for example, constant flow rate for a drawdown or
shut-in period for the buildup test (see Refs. [45]).

Conventional pressure-transient models have been devel-
oped under the assumption of a homogeneous reservoir.
Accordingly, to describe the pressure transient in a porous
reservoir, the Darcy equation (78) is combined with the
equation of continuity and an equation of state for fluid under
consideration. In the case of a slightly compressible fluid, it
is assumed that dp;/9p = cypr, where ¢ is the coefficient
of fluid compressibility. If a porous medium is also slightly
compressible, the time derivative of fluid density can be
replaced by

ap pr _ ap

o Pl
where ¢ = ¢; + ¢, is the system compressibility, while c,,
is the coefficient of matrix compressibility [46]. Accordingly,
the pressure transient in an isotropic radial flow obeys the
following diffusion equation:

ap K, o _,0p
o _ 2 @ (1P 86
cue at L or (r 3r> (86)

where the flow dimension n reflects how the apparent flow area
changes with distance from the source (see Fig. 3) and is not
necessarily related to the space filling nature of the flow, in the

(85)
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Radial fractal flow
A o r{('ﬂll_-_]]

Radial flow
A oc r”—]

FIG. 3. The definition of flow dimensions n and d, in the case of
radial flow in a fractally permeable medium.

sense that the apparent surface area of one-dimensional flow is
constant regardless of the distance from the well, whereas the
surface area of two-dimensional flow is proportional to ! and
that of three-dimensional flow is proportional to 2. Therefore,
in the case of one-dimensional flow n = 1, while in the case
of radial flow in cylindrical geometry n =2, and n = 3 in
the case of spherical symmetry of radial flow. In practice (see
Refs. [45,46]), the data of well tests are commonly fitted using
the dimensionless variables defined in Table I'V.

Although pressure-transient equation (86) and its analogs
in the Cartesian coordinates are sometimes used in petroleum
engineering, today it is widely accepted that in many cases the
experimental field data could not be satisfactorily described
using Euclidean models of natural reservoirs. This stimulates
the use of fractal geometry for reservoir modeling. In this con-
text, Barker [62] has proposed a pressure-transient equation
involving the fractional dimension of flow, while retaining the
assumptions of radial flow and homogeneity of the fractured
medium. The celebrated Barker equation can be written in the

PHYSICAL REVIEW E 85, 056314 (2012)

following dimensionless form:

3pD 1 d D*—1 3pD 32]71) D* —1 8pD

_——- - r _— = -_—,

dtp rg*71 orp b orp ar% rp arp
87

where 0 < D* < 3 is the flow dimension which can be
assumed to be fractional (see Fig. 3) and the dimensionless
variables are defined in Table IV. It should be pointed out
that Barker [58] considered the physical meaning of the
flow dimension unclear, but conjectured that it would be
related to the anomalous diffusion on fractal fracture network.
Still, the Barker pressure-transient equation has become very
popular, especially for practical applications (see Refs. [63]
and references therein).

Although, originally, Eq. (87) was derived using a geo-
metric model of fractured reservoir, we noted that it can be
obtained from Eq. (86) by the substitution of the Laplacian on
n-dimensional Euclidean sphere with the fractional Laplacian
(16). In this framework, Eq. (87) can be generalized for
anisotropic reservoirs as

3 2
9 9 o — 19
_af;):vng:Z< Pp pD), (88)

0xpi Xpi 0xXp;

1

using expression (17) for the fractional Laplacian in the
dimensionless Cartesian coordinates xp;. Notice that the
fractional Laplacian (17) introduced in Refs. [26,27] is
related to the flow topology characterized by the chemical
dimension (23).

On the other hand, assuming the spatial variation of
hydraulic permeability according to relation (78), Chang and
Yortsos [57] have suggested the equation of radial fractal flow
which in the dimensionless form reads as

9pp 19 D10 dpp
dtp rg”71 ar p arp

1 (/92 D,—1-0629
-1 (—§’+—ﬂ>, (89)
rp \org D arp

where D, is the fractal (mass) dimension of fracture network,
while the dimensionless variables are defined in Table IV.
Notice that in the case 8 = 0, Eq. (89) converts into Eq. (87),

TABLE IV. Dimensionless variables for the pressure-transient equations at a constant production rate. Here rp is the dimensionless radial
distance from the pumping well, 7, is the dimensionless time, p, is the dimensionless pressure drop, py is the initial pressure, Ry is the well
radius, Q is the volumetric flow rate, and the coefficients «, are defined as follows: k; = H Ry, k, = 2n H, k3 = 47, while K,f) =201y Raf b

0 _ p3-Dutb
and k, = Ry, .

Dimensionless variables

Model and pressure-transient equation tp =t/7, Pp = (po— p)/pe rp =r/Te
. RZ
Euclidean, Eq. (86) T = wi = pe = —24 re = Rw
r Kkn Ry “Kr
cuq)Rz
Barker, Eq. (87) 7, = L8 Pe= Favtar re= Ry
cug Ry ou
Chang and Yortsos, Eq. (89) Te= "% — Pe = gpbi-o-2g re = Rw
n fy r
-1
Dy _ cusr? _ o _ Ry (Ry ¢
3®5, Eq. (94) Te= % ° Pe = Ty Te=-1\7 T 1
D3 C;ui)rg R R ¢l
P}, Eq. (97) Te = T Pe = 5% o= (5 4)
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even though these equations are derived using two completely
different geometrical approaches. However, in contrast to
Egs. (87) and (89) cannot be directly generalized for an
anisotropic three-dimensional flow with spatially varying
permeability.

To derive the transient pressure equation for a frac-
tal continuum flow P®} C E3, we note that in the case
of a slightly compressible fractal continuum dp./dp = cp,
and so

9pc ap
or P ©0)
as is usually assumed in the hydrodynamics of slightly
compressible liquids [see Eq. (85)], while the coefficient of
fractal continuum compressibility ¢ is determined by the fluid
compressibility ¢y = dInps/dp and the compressibility of
porous medium ¢y = d¢p/0p as

c=cp+ ey 1)

Substituting Egs. (80) and (90) into Eq. (49) we obtain
the following equation of pressure diffusion in an anisotropic
three-dimensional fractal continuum flow,

9 ¢
Clhe— P _ d1vH[K( )gradH(p h )]

ot
_ ZK@( )<> [(M)
8xi2

14+d; — a(p — hg)
+ Xi +£l < Bx,» >:| ’ (92)

where £, is the gravitational head defined by Eq. (62).

For reservoirs and wells of known geometry Eq. (92)
together with appropriate inner and outer boundary and initial
conditions can be used to model the pressure transients of
fractal flow. Notice that in the case of Euclidean porosity, as
well as in the case of isotropic fractal porosity (Kl.(;)) = Kj)
obeying Mandelbrot’s rule of thumb (7), Eq. (92) converts
into the classical pressure-transients equation

0
cu f¢>a—’t’ = KoA(p — hy), 93)

which in the case of radial isotropic flow (h, = 0) through
a n-dimensional sphere (see Fig. 3) takes the form of
Eq. (86).

Furthermore, from (92) immediately follows that the
radial flow of an isotropic fractal continuum through a
d,-dimensional intersection of fractal continuum with n-
dimensional sphere obeys the following pressure-transient
equation:

Ipp xg)

a
— ___ "D £n) 1.,
ot ot Loy Iy |:(”D +4p)"" Xp 3y PP
d,+2—D—n d.—D+n
I'p " d I'p ! 0
= (2 +1 2241 2
<€D + ) al"D |:<ZD + ) ar ij|

rp Ad;+1-D) 82pD d.+n—Dopp
= —_ + 1 3 + -
ED 8rD

rp +KD BrD
94)
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where the dimensionless variables are defined in Table IV,
while the integer exponent n is determined by the flow
symmetry: n = 1 in the case of one-dimensional flow, n = 2
in the case of radial flow in cylindrical geometry, and n = 3 in
the case of spherical radial flow (see Fig. 3), while

D d,+1-D
x" = (— + 1) , (95)
p

in all cases [£p is the dimensionless lower cutoff of scaling
behavior (1)]. It is worth noticing that Eq. (94) converts into
Eq. (86) if the fractal continuum flow obeys the Mandelbrot’s
rule of thumb (7). Furthermore, if d. = D — 1, but n = d; is
fractional, Eq. (94) converts in the Barker Eq. (87) with D* =
dy. Hence, physically, D* in Eq. (87) can be interpreted as the
chemical dimension (23) of the radial fractal flow in a porous
medium (see Fig. 3). This illustrates the difference between
two fractal metrics, associated with the fractional Laplacian
(16), (17) and the Hausdorff Laplacian (21), respectively.

In fact, Eqs. (87) and (94) describe two different pictures
of fractal flow. Namely, Eq. (87) is associated with the flow
field of the fractional topological dimension (see Fig. 3), but
having the Euclidean metric ( D*3¢>g C E?), whereas Eq. (94)
is associated with the fractal continuum flow 2®} c E°.
Phenomenologically, these equations can be combined by the
replacing n in Eq. (94) with the fractional chemical dimension
dy. Mathematically, this can be treated as the mapping
of fractal flow in a porous medium ,®” into the fractal
continuum flow 7@}, C E* by making use of the generalized
fractional Laplacian (24) for the generalized fractal continuum
flow D@}, C E*. Physically, this mapping can be associated
with a specific (although unknown) form of constitutive
equation for the generalized fractal continuum flow fi@g -
E3. Although this statement is merely speculative, it has
the same phenomenological basis as the introduction of the
fractional Laplacian (16) in Refs. [26,27] and makes it possible
to obtain the phenomenological pressure-transient equation
(87) as a special case of the generalized pressure-transient
Eq. (94), when equality (7) holds, while the flow dimension
n =d, <3 is fractional. In the Cartesian coordinates the
generalized pressure-transient equation for an anisotropic
fractal continuum flow 2@}, C E? has the following form:

3 2(14+d;—D) 2
ap (c) 0 (P - hg)
Py | Wiy
Kot Z (z + ) [( 9x?

i

Oli+dl'—D a(p—hg)
, 96
+ Xi + Ki ( 3)6,‘ ( )

while the relationship (23) holds. In the case of hy =0

and K;; © = K¢y Eq. (96) can be rewritten in the following
dlmenswnless form:

BpD H
L2 A ,
31 pP

where the generalized Laplacian is defined by Eq. (24) with
dimensionless coordinates defined in Table IV. In the case of
an isotropic fractal continuum flow zcbg C E3, Eq. (96) can
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TABLE V. Expressions for parameters of pressure-transient equations for radial flow in an isotropic fractally permeable reservoir expressed
in the form of Eq. (98) and its analytical solution (100) with the initial and boundary conditions (99) corresponding to well production with a

constant rate Q = const for different pressure-transient models.

Model and pressure-transient equation y B d=1+8/y
Euclidean, Eq. (86) n—2 1
Barker, Eq. (87) D* -2 %*
Chang and Yortsos,

Eq. (89) 2+6 D,—2-0 o
P@j,. Eq. (94) 2D —d,) n—1-D+d S
b3, Eq. (97) 2AD ~ d) di—1-D+d, b

be rewritten in the following dimensionless form:

oo rD_,.] d+2-D—d; w d-D+dr
dtp - lp arp Ip 8erD

I'p 2d;+1-D) 32[71_) dr + d[ —D ap[)
=(=+1 =+ — .
KD aI’D

rp + L D ar D
where the chemical dimension of fractal continuum flow (dy)
is determined by the fractional flow dimension (&) of the fluid
flow in a fractally permeable medium (see Fig. 3).

Regardless of the different physical contents, mathemati-
cally, the pressure-transient equations (86), (87), (89), (94),
and (97) can be presented in the general dimensionless form
as

o7

o1 fpp 9 <rﬁ+‘ap—D), (98)

p dtp _E arp

where the dimensionless variables and the scaling exponents
B and y for each pressure-transient equation are defined in
Tables IV and V, respectively. Notice that Eq. (98) has the form
of the equation for the radial diffusion on fractals suggested
and analyzed in Refs. [56]. The authors of [56] have derived
an exact analytical solution of this equation for radial diffusion
from a point source. The radial pressure-transient equation of
the type (98) was analyzed in the context of well tests in
Refs. [6,57,62,63]. In a special case of well production with
a constant rate Q = const from an infinite reservoir the initial
and boundary conditions are

pp(rp,t =0)=0, lim pp@rp,tp) =0,
rp—>00

)
lim EHEPR
rp—1 8}’D

99)

where dimensionless parameters for different models are
defined in Tables IV and V. An analytical solution of Eq. (98)
with the initial and boundary conditions given by Eq. (99) can
be presented in the following form:

-B Y
pp = =2 r(a—l,);—l’),
yI'(3) Yt
where I'(a,y) = [ z7'e~%dz is the incomplete I" function
(see Refs. [57,62]). Notice that a few more analytical solutions

of Eq. (98) have been suggested for some different sets of the
initial and boundary conditions (see Refs. [6,57,63]).

(100)

Typical forms of pressure-transient behavior (100) are
shown in Figs. 4-6. It is pertinent to note that these forms
of pressure-transient curves are commonly observed in field
drawdown tests (see, for review, Refs. [6,46,62,64—69]). It
is worth noticing that if dy — 1 < D — d,, the pressure drop

100 -
F (a) i
=) | B — -
] s e @=-Ing
5 : ./. | oem___._o_.,-_,_._-_q@-
2 1+ » o___o_ﬂ!#-‘-'w.;_---
) ¥ e
8 I ¢ =0.083
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0.01 by
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100 §
g 3
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FIG. 4. Log-log plots of the dimensionless bottom hole pressure
drops pp (solid circles) defined in Table IV and their derivatives
dpp/dIntp (open circles) versus the dimensionless time 7 defined
in Table IV from the numerical solution of Eq. (97) with scaling
exponents defined in Table V for the cases of: (a) d, =2, D — d, =
1.2; (b) dg =16, D —d, =1.2; and (¢c) d, =2.8, D —d, = 0.4.
Curves, data fitting with Eq. (100); straight lines are guides for the
eye showing the power-law behavior with the scaling exponent ¢.
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and its logarithmic derivative both obey the same power-law
asymptotic behavior pp o« dpp/dIntp x tf) [see Figs. 4(a),
4(b), and 5], with the scaling exponent

_1, 14,
ST2TaD—ay

such that two log-log graphs are offset at In7p = 0 by the
constant @ = — In ¢ [see Figs. 4(a) and 4(b)]. Such behavior
was observed in many real field experiments and is commonly
used for fast estimation of aquifer fractal properties (see, for
example, Refs. [64-69]). In the opposite case of dy — 1 >
D — d, the derivative of pp with respect to Inzp displays the
asymptotic power-law behavior with ¢ < 0 [see Fig. 4(c) and
curve (8) in Fig. 5(b)], but the pressure behavior does not
have a power-law asymptotic [see Fig. 4(c) and curve (8) in
Fig. 5(a)].

It is pertinent to point out that the pressure drop is localized
in the well vicinity region, the size of which, defined as
Rp =rp(pp = 107 « 1,1) [see Figs. 6 and 7(a)], increases
in time as Rp o t'/7 (see Fig. 7 and Table V). This scaling
behavior, which was observed in the field experiments, has
given areason to talk about an anomalous diffusion in fractally
permeable reservoirs (see Refs. [57,64]). In fact, however,
an anomalous scaling of R [presented in Fig. 7(b)] can be
attributed to the fractional topology (see Fig. 3) of the Darcian
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FIG. 5. Log-log plots of the dimensionless: (a) bottom hole
pressure drops pp and (b) derivatives dpp/dIntp versus the di-
mensionless time 7, (defined in Table IV) calculated using Eq. (100)
with the scaling exponents defined in Table V for Eq. (97) for the
casesof dg=1and D—d, =1 (1), d,=2and D —d, =1 (2),
dy=3andD —d, =1@3),dy=05and D —d, =0.6(4),d, = 1.5
and D —d, =12 (5),d, =1and D —d, = 0.5 (6), d, = 0.25 and
D—d =1(7),andd, =2.8and D — d, = 0.4 (8).
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FIG. 6. Log-log plots of dimensionless pressure drops pp versus
dimensionless distance from well r for different dimensionless times
tp =1 (circles), tp =10 (squares), tp =1000 (triangles), and tp =
100000 (diamonds) from the numerical solution of Eq. (97) with
scaling exponents defined in Table V for the cases of fractal continuum
flow with: (a)dy =2.5and D —d, = 1.5,(b)d; =2.2and D — d, =
1.2,(c)d,=18and D —d, =0.8,(d)d;, = 1.6 and D —d, = 0.5.
Curves, data fitting with Eq. (100); arrows indicate the dimensionless
size of transient zone Rp = rp(pp = 1075,1).

fractal continuum flow 2@3 C E3,rather than to an anomalous
diffusion (see Tables II and V).

Here, it should be emphasized that the Euclidean (86)
and Barker (87) models can be treated as special cases of
the fractal continuum flow model (97) (see Table V and
Fig. 5). Furthermore, regardless of the fundamental difference
of physical models leading to the pressure-transient equations
(89) and (97), these equations are mathematically equivalent.
Therefore, both equations have identical numerical solutions
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FIG. 7. (a) Log-log plots of dimensionless pressure drops pp
versus dimensionless distance from well rp (defined in Table IV)
from the numerical solution of Eq. (97) with scaling exponents
defined in Table V for time 7, =10 in the cases of fractal continuum
flow with dy = 2.5 and D — d, = 1.5 (solid circles), d; = 2.2 and
D —d, =1.2 (solid squares), d, = 1.8 and D —d, = 0.8 (solid
triangles), d, = 1.6 and D —d, = 0.5 (solid diamonds); curves,
data fitting with Eq. (100); arrows indicate the dimensionless size
of transient zone Rp. (b) Log-log plots of dimensionless size of
transient zone Rp versus dimensionless time ¢, from the numerical
solution of Eq. (98) with scaling exponents defined in Table V for
the fractal continuum flow with d; = 2.5 and D —d, = 1.5 (solid
circles), dp = 2.2 and D —d, = 1.2 (solid squares), d, = 1.8 and
D —d, = 0.8 (solid triangles), d; = 1.6 and D —d, = 0.5 (solid
diamonds); straight lines, data fittings with the power law R, oc /7
with y =3 (1), 2.4 (2), 1.6 (3), and 1 (4).
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TABLE VI. Results of the field data fitting with Eqs. (89) and (97). Experimental field data and fitting parameters of Eq. (89) are taken
from Refs. [65-68], while the fitting parameters of Eq. (97) are calculated using relationships (102) and (103).

Eq. (89) Eq. (97)

Field, Well D, 0 D —d, dy
Kamonjang field data [65] 1.6 0.5 1.25 1.35
Kizildere field data [66] 1.66 0.5 1.25 1.41
Agquifer in Poitiers, Well M1 [67] 3.57 3.36 2.68 1.89
Aquifer in Poitiers, Well M5 [67] 2.83 2.25 2.125 1.705
Aquifer in Plomeur, Well R46 [68] 2.49 1.73 1.865 1.625
Aquifer in Plomeur, Well R61 [68] 3.26 2.89 2.445 1.815
Aquifer in Plomeur, Well R200 [68] 2.54 1.81 1.905 1.635
Aquifer in Plomeur, Well R200b [68] 1.48 0.23 1.115 1.365
Aquifer in Plomeur, Well R273 [68] 1.91 0.82 1.41 1.5
Aquifer in Plomeur, Well R385 [68] 1.81 0.72 1.36 1.45

in the dimensionless variables when

0 =2D—d — 1), (102)

while

Dy=di+(D—d, —1)=d,+6)2, (103)

and so the corresponding spectral dimension of the flow
modeled by Eq. (89) is equal to

de—1
D—d,’
whereas the spectral dimension of fractal continuum is equal
to its mass fractal dimension, that is, d; = D (see Table II). It
should be emphasized that equalities (102)—(104) are of pure
numerical nature and have no physical meaning. Even so, this
observation has very important practical implications. In fact,
although the physical basis of Eq. (89) is at least question-
able (e.g., see the discussion about anomalous diffusion in
Secs. III C and III D), it is widely used in the petroleum
engineering also. In this context, the successful applications
of Eq. (89) to fit the experimental pressure-transient data
have been reported by several authors (see, for example,
Refs. [6,64—68] and references therein). However, it should
be pointed out that in all applications the exponents D, and
6 were used as fitting parameters, but were not estimated
from experiments. On the other hand, relationships (102) and
(103) make it possible to fit the same experimental data using
Eq. (97) based on the fractal continuum hydrodynamics (e.g.,
see Table VI). Furthermore, the general pressure-transient
equation (96) with appropriate boundary and initial conditions
can be used for numerical simulations of three-dimensional
flows in anisotropic fractally permeable reservoirs, whereas
the generalization of Eq. (89) for anisotropic reservoirs is
not a straightforward matter. Moreover, in contrast to the
anomalous diffusion exponent used as the fitting parameter
only, the scaling parameters of Egs. (96) and (97) can be
obtained from independent field experiments on the reservoir
fractal characterization (e.g., see Refs. [69]).

d" =1+ (104)

V. CONCLUSIONS

Summarizing, in this work the hydrodynamics of fractal
continuum flow P®} C E* is developed on the basis of

self-consistent model of fractal continuum. Besides, a phe-
nomenological generalization of the pressure-transient equa-
tion for generalized fractal continuum flow ‘gfbg C E? is
suggested. It is shown that the classical pressure-transient
equations for the flow in fractally permeable media can be
obtained as the special cases of the generalized pressure-
transient equation for fractal continuum flow. In this context,
the celebrated Barker’s equation was generalized for an
anisotropic fractional flow in the three-dimensional reservoirs.
It is shown that the pressure-transient equation based on the
fractal continuum hydrodynamics provides a good fitting of
the field experimental data reported in the literature.

It is pertinent to note that the fractal continuum hydrody-
namics developed in this work can be easily generalized for
the case of multiphase flow. The double [45,57] and triple [70]
porosities of many real aquifers can be accounted for by
the consideration of two or three coupled continuum flows.
Furthermore, the finite aquifer size and the well damage can be
easy accounted for by the modification of boundary conditions,
as is suggested in Refs. [57,71]. In this context, Eq. (96)
with appropriate boundary and initial conditions can be used
for numerical simulations of different pressure-transient tests
(drawdown, buildup, injection, fallow, and interference) in
anisotropic fractally permeable reservoirs. In these simulations
the fractal dimensions D, d;, and d, can be either used as
the fitting parameters to fit the experimental field data, or
independently determined from the fractal analysis of the
reservoir.

The results reported in this paper provide an insight into
the hydrodynamics of fluid flow in fractally permeable media
and can be used to improve the fractal approach to model
the pumping well pressure response that is widely used
in petroleum engineering. Moreover, the fractal continuum
flow approach leads to a radical change of paradigm in
the well test interpretation. In fact, the pressure response
of fractal continuum flow is governed by the fractional
topology and metric of fractally permeably medium, rather
than by an anomalous diffusion. Besides, the fractal continuum
framework developed in this work can be employed to
model other problems arising in the mechanics of fractal
media.
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