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By combining the lattice Boltzmann method with the three-dimensional computer-simulated images of porous

media, a new numerical experimental methodology is used to determine the permeability anisotropy ratio of porous

media. The results compare well with the laboratory experimental data.
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1. Introduction

The delineation of the permeability anisotropy
ratio plays an important role in studying the trans-
port of fluids through porous media. Specifically,
the physical characterization of the permeability in
a porous medium is complex and remains formidable
for a comprehensive solution. Attempts in the past
have attacked it using various types of method, such
as the mathematical methodology'=# and the per-
meameter measurements.>~7 Recent advances in dig-
ital image processing have opened up new avenues
to quantify and simulate the permeability anisotropy
ratio of porous media.l®! The main focus of our pa-
per is to present a full description of the perme-
ability anisotropy ratio in a three-dimensional porous
microstructure captured in a computer by using
image-processing techniques and the lattice Boltz-
mann method. We also present a procedure for the
simulation of the permeability anisotropy ratio based
on permeameter measurements of the statistics of the
anisotropic pore space distribution by making use of

the full information obtained in our previous studies.

2.General method

The computer-simulated images of porous media
were captured from resin-impregnated specimens with
the aid of an optical microscope and an image anal-
ysis system. The flow model in a three-dimensional

image of porous medium is shown in Fig.1. The fluid

permeability is defined via Darcy’s law!"]
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Fig.1.

simulated image of a porous medium, h=3mm.

Three-dimensional section of the computer-

v-_lk.vp (1)
I

where V is the average velocity vector within a sam-
ple, u is the viscosity coefficient, VP is the pressure
gradient, and K is the symmetric positive definite per-
meability coefficient tensor. For a three-dimensional

analysis of the images, Eq.(1) can be written as
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where u, v and w are the average velocities in an image
in the z-, y- and z-directions, respectively, and h is the
dimension of an image in pixels. The components of
the permeability tensor are calculated in three steps.
In the first step a pressure difference is applied in the
z-direction AP,, while AP;=0 and AP,=0, and K,,,

K, and K, are calculated as follows

K= - Q)
Kym = _(U’Z)%’ (4)
K., = _(“’2%. (5)

With the aid of the similarity of the second and
third steps to the first step, the remaining coefficients
of the tensor may be calculated as follows
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Here p is the fluid density and g is the gravitational

Kzz =
(10)

Kzz =

acceleration. The average permeability K,., is the

first invariant of the permeability tensor

K"IXE K KZZ
+ By F . (12)
3
It should be noted that the absolute permeability
K has units of (pixel)?.
actual spatial volume (AzAyAz) to convert it to the

Kavg =

It is multiplied by a pixel

units of square meters. The absolute permeability ten-
sor coefficients K are related to Darcy permeability
tensor coefficients k with the units of m:s~! by the

following relationship
r
k=K-—, (13)
1
where 7=9.81kN-m~2 is the unit weight of the fluid
(water in our study) and p is equal to 10~ 3kg-ms ™" for

water. The permeability coefficients are calculated in

our study using the units of m-s~*. The permeability

anisotropy is measured by the ratio of the horizontal
permeability coefficient K3, to the vertical permeabil-
ity coefficient K.,

= 14
TK K, ( )

The anisotropy ratio vy is based on three-dimensional
permeability calculations of 25 images captured on
The ratio for the three-

dimensional analysis was calculated by taking the av-

each test specimen.

erage permeability in the two horizontal directions
and dividing by the permeability in the vertical direc-
tion. From the knowledge of AP, AP,, AP, u, u,
v and w, the permeability coefficients and permeabil-
ity anisotropy ratio may then be solved from Eqgs.(3)—
(14).

We know that AP and V may be determined
from the continuity equation and the Navier—Stokes
On the other hand, the
lattice Boltzmann method (LBM) is a new numer-

(momentum) equations.

ical method for the solution of the Navier—Stokes
equations.['9~13] It has been discussed so far only in
two dimensions. The extension to three dimensions
is straightforward. We just have to choose a three-
dimensional lattice and calculate appropriate equilib-
rium distribution. In this paper, we introduce a model
of the three-dimensional LBM with 15 velocities!¥ for
the simulation of three-dimensional fluid in a porous

medium. The lattice velocities ¢; are read as follows

—rest particle : ¢g = (0,0, 0), (15)

— 2 — particles : ¢12,€34,C56

= (£2,0,0),(0,£2,0),(0,0,+2), (16)

—+/3 — particles : ¢7,- -+, 14 = (£1, £1,£1).  (17)

There are three different speeds: 1 time speed 0, 6
time speeds 2 and 8 time speeds v/3. The even mo-
ments yield four independent equations for calculation
of Fy, F», F3 and kgT-m™".

—0. moment : ZFz =Fy+6F, +8F;=p, (18)

7
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The solution may be read

7
Fo = _p7 (22)

Fy= % (%) (23)

nefB) g
keT _ 2

m (25)

where F; are the global equilibrium distributions, m
is particle mass, kg is Boltzmann constant, and T is
temperature. The odd velocity moments over F; van-
ish. The equilibrium distributions are not unique and
other choices are possible. We choose the equilibrium

distribution proposed by Chen et al[¥

Fyt=d" +50v2 (26)
Fieq :d(l) + ﬂ(l)ci Vo ’Y(l)(Ci . V)Z + 6(1)V2
7;:1,-“,6, (27)
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Combining the principle of Bhatnagar, Gross and
Krook (BGK) approximation, we can write the time

evaluation of our lattice Boltzmann equations as

Fi(t+At) - F(t)= ~(F.—F9), (33)
T
14 14
p=> F=> F, (34)
=1 =1

14 14
pV = Z CiFi = Z CiFieq, (35)
i=1 i=1

Herei:=1,---,

nal energy.

14, 7 is relaxation time, and ¢ is inter-

By taking large scale averages from the lattice, the

full Navier—Stokes equations may be approximated by

a Chapman-Enskog series expansion/'?!

otV +(V-V)V

1
——-vp+ vy
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1 D -2

+ - < 77> V(V-V). (37)
P D

Here D is dimensionality (in our study D=3),

_27'—1
)

P, (38)

47— 1
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where C is sonic velocity.

(=

(1-202)p, (39)

We know that, to a certain degree, achieving self-
consistent boundary conditions with a given accuracy
is as important as developing numerical schemes them-
selves. The implementation of boundary conditions
for this paper is discussed in the following.

In general, there are two ways to define a bound-
ary: the boundary curve may include grid nodes (node
boundary[w]) or passes through the midpoint of links
between nodes (link boundary!'™!). Node boundaries
are appropriate for periodic and inflow boundary con-
ditions even in complicated geometry such as porous

media. For our image (Fig.1), the boundary condi-

tions are
Fi(z = 0) = Fi(z = h), (40)
Fi(y=10) =Fi(y = h), (41)
Fi(z=0)=F;(z = h). (42)
Also, “no-slip” boundary conditions are applied by

using the “bounce-back” boundary conditions.['8] A
pressure difference is applied across the lattice by
adding a fixed amount of momentum to the sites at

one side of the lattice.
3. Conclusions and discussion

The permeability tensor coefficients, average per-
meability and permeability anisotropy ratio were cal-
culated for images captured on the computer-modelled

specimens. A total of 25 images were analysed for each
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of the three specimens of sand, silica soil and glass
beads. The average permeability coefficient k,, and
permeability anisotropy ratio are reported in Table 1.
It shows that the anisotropy ratio is the highest for

silica soil. This is expected since silica soil is com-
posed of elongated particles, while sand is composed of
subrounded particles, and glass beads are completely

spherical.

Table 1. Values of permeability and permeability anisotropy ratio from numerical analysis and laboratory

data.

Source Specimens Permeability kav/10~°cm? Permeability anisotropy ratio Comments
Laboratory Sand 0.101 1.17~1.26 Based on
(each specimen glass beads 0.224 1.23~1.29 permeameter

tested 20 times) silica soil 0.122 1.60~1.71 testing
Sand 0.112 1.21 Using three-
Numerical glass beads 0.228 1.27 dimensional
silica soil 0.124 1.67 images

The permeability anisotropy was found to be cor-
related with particle elongation. In addition, the per-
meability anisotropy ratio is in the same range as the
results of laboratory measurements. These improve-

ments in permeability prediction in comparison with

other analytical models are attributed to incorporat-
ing the effects of porous media microstructure on wa-
ter flow directly into the solution through boundary
conditions. There were no assumptions imposed on

the shape of the pore structure.
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