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I. INTRODUCTION

The displacement of one fluid by another is con-
trolled by the geometry of the pore space. The relative
hydrodynamic conductance of each fluid at a given satu-
ration is the relative permeability, while the pressure dif-
ference between the phases is the capillary pressure.
These two functions determine the macroscopic fluid
flow behavior in hydrocarbon reservoir over the scale
of centimeters to kilometers.

At the pore scale fluids reside in intergranular space
of typical sedimentary rocks. The rock type and fluid
properties are likely to change drastically through the
reservoir, the only sample of rock come from drilling
wells, which represents a tiny fraction of the total vol-
ume in a reservoir. Furthermore, relative permeability
measurements on these samples are difficult and time
consuming. To quantify and control uncertainty in re-
covery estimations, it is necessary to have some theo-
retical understanding of transport properties. Such un-
derstanding would enable us to predict the sensitivity of
relative permeability to geological factors such as po-
rosity, and the nature of the fluids. This work is a pre-
liminary step in this direction. A more important result
from this work is that we are now able to quantify the
change in the relative permeability to those geological
factors.

In this paper a pore structure and displacements
mechanisms to model two-phase flow in porous media
were constructed using lattice gas automata. The void
space of the media is represented as a network of large
spaces (pores) connected by narrower throats. The ag-
gregation of cell pore volumes is used to calculate the
porosity of the network and the fluid saturation when
different cells are occupied by different fluids. By judi-
cious choices for the distribution of pore and throat sizes
of the network it is possible to predict relative perme-
ability. For predicting the absolute and relative perme-

ability, it is assumed that the viscous pressure drops oc-
cur across the throats.

II. LATTICE GAS AUTOMATA

Lattice gas models belong to the class of cellular
automata and consist of a set of lattices, where the in-
tersection points of the lattices take a finite number of
states. The automaton evolves in discrete time steps.
The state of each site at any time is determined by its
own state and the state of a set of neighboring sites at
the previous time step. A lattice gas model in which the
state of the fluid needs to be known only at the lattice
sites and only at discrete times can run fast on a com-
puter. The lattice gas model has another advantage since
all the collisions occur at the same time. This is a par-
ticular advantage if the simulation is being run on a par-
allel computer. These two times saving advantages of a
lattice gas model allow simulations of a significantly large
scale to be performed.

The evolution of the system on time-step to the next
takes place in two successive stages, i.e., streaming
(propagation) stage and collision stage. At the start of
each time step the particles at each site collide accord-
ing to the particular collision rules for the model being
used - the collision stage. After the collision stages each
particle travels in a straight line along one of the lattice
links, unless it is a rest particle, until it arrives at the next
link - the streaming stage. The particles arriving at their
new sites then collide at the beginning of the next time
step.

The collision phase of each time step is the process
of transformation between the input and output states of
the lattice sites under a set of collision rules. The colli-
sion rules are Boolean expression, which define the re-
lationship between the input agd output states of a site
and which satisfy the following minimum requirements
that collision rules should: conserve mass and momen-
tum, avoid spurious conserved quantities (invariants), in-
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variant under all transformations that preserves the ve-
locity set, conserve probability, and satisfy semi-detailed
balance.

In the FHP models of lattice gas automata, each
link of the hexagonal lattice may carry one particle (of
the given mass/momentum/energy state) at any one
time. This is called exclusion principles. The particles
of fluid live on a hexagonal lattice, as shown in Figure
1. Figure 1 shows that each arrow represents a particle
of unit mass moving in the direction given by the arrow.
The lattice is initially prepared so that no more than one
particle is moving with a particular velocity at a par-
ticular site on the lattice (Figure 1a). Then, the particles
hop and scatter, as illustrated by Figure 1b; each par-
ticle moves one lattice unit in the direction of its veloc-

a b ¢

Figure 1
One time step in the evolution of the FHP models,
(a) is the initial condition, (b) the propagation
step of the particles, and (c) the result of
collisions step of the particles

Throat

_ Figure 2
Schematic of porous media studied,
where the porous media is considered to be an
array of pore connected by narrow throats
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ity. Scattering is shown in Figure l¢; if two or more par-
ticles arrive at the sume site, they can collide. Some col-
lisions cause the particle to scatter their velocity change.
In all cases, however, collisions may change neither the
total number of particles nor the vector sum of the ve-
locities. The only collisions that have changed the con-
figuration of particles are located in the middle row. In
other words, mass and momentum are conserved.

The particle dynamics depicted in Figure 1 are ex-
pressed by the equation,

n(x+c.,t+1)=n.(x1) -I-A‘[n(,\',r}] (1)

Here the time 1 is integer-valued and the duration of
a time step is taken to be unity. The quantities n = (n,, n,,
..., n,) are Boolean variables that indicate the presence
(nl:l) or absence (ujz()] or particles moving from a lat-
tice site situated at position x to the neighboring site situ-
ated at position x + ¢, where the particles move with unit
speed in the directions given by equation,

ri . mwi) . :
¢, =| cos—-,sin s =120, (2)
1 |
3
The function D, is called the collision operator. It de-
scribes the change in n(x,1) due to collisions, and takes
on the values 0, | and —1.

I11. SIMULATION MODEL

This paper presents a pore-network model of two
immiscible fluids using lattice gas automata based on a
pores-and-throats representation of the porous media. The
simulation conducted on the 800x600 lattice sizes. In this
network model, the pores are arranged on the hexagonal
lattice (FHP-11 model) of lattice gas automata and each
pore is connected to up six throats, where the pores con-
necting two adjacent nodes may have a uniform diam-
eter, or it may consist of pores segments with different
diameters that represent porous media.

In order to make progress in the study of immiscible
fluid displacement in porous media, it is therefore
necessary to simplify either the rock geometry or the
fluid flow. In two dimensions, it could construct a simplified
model of a single pore, and porous media modeled as a
network of such interconnected pores. The fluid flow of
two-phase fluid through such a network is modeled based
on the assumption about the flow jp these interconnected
pores. The simplified model of granular pore space as an
array of wide pore interconnected by narrower regions,
which is called throats is illustrated in Figure 2.
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Furthermore, in order to determine the macroscopic
properties of heterogeneous porous media, the absolute
porosity of the porous media is determined by,

@ —{"] VIU
"{ v (3)

where V, is the volume of the obstacles, and Vis volume
in two-dimensional space, while the value of effective
porosity is given by equation

4”.-;; —ax’ — (2:: + Qe )x:: E (rz +1=-0. )l: (4)

where
_6-9c) .
(] i ¢c) )

and a is constant (a = 0.3), and @ is a critical porosity
or percolation threshold, respectively. The permeability
coefficient (k) of porous media is determined by Carman-
Kozeny equation,
Py
22
€T (6)

)

k=

where c is the Kozeny coefficient, f . is the effective
porosity of the porous media, 7 is the tortuosity of the
porous media, and § is the specific surface area, re-
spectively.

When carbon dioxide occupies the center of the pore
or throat, oil will remain in throat of the pore space, which
is to be the fraction of the cross-section occupied multi-
plied by the total pore volume. Thus the carbon dioxide
phase volume is the total (bulk) volume of an element
minus the volume of the oil phase. Saturations for each
phase (oil and gas) are found by adding the volumes of
each phase in all pores and throats and dividing by the
total pore volume of the model. It gives both oil and gas
saturations, which could be calculated from the follow-
ing equations,

g oV

o v:l (7)
and
Sy =1=§, (8)

where V is oil volume and V is the pore volume of a
porous media. The pore volume is calculated by,
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Vp == vh Qb.:{j {9)

where @, is an effective porosity as given by Equation
(4).

In this model, the relative permeability of oil and gas
phases in porous media is calculated using Corey’s for-
mulas as follows,

~4
S
k. = i
N (l_sur ] (10)

and

k - Sﬂ Y 1 S{J )
= =17\ 15 1=, (11)

where k, is the relative permeability of oil, k_is the
relative permeability of gas, S 1s oil saturation, and S,
is the residual oil saturation, respectively.

IV. RESULTS AND DISCUSSION

In order to predict the macroscopic properties of
porous media, it is crucial to know the threshold porosity
for filling, and the permeability of each pore and throat.
The pore and throat used to define threshold porosity

(¢), where in this simulation the threshold porosity (¢.)

used is 5%. The effective porosity (¢,,) was estimated
by using Equation (4), while the permeability (k) was
estimated by Carman-Kozeny equation (Equation 6).
Furthermore, the pore volume (PV) is calculated by
Equation (9), where in porous media is completely filled
with oil. Summary of the simulation results is shown in
Table 1.

LR
i a ‘Summary of the simulation results
"'I'- i =] = 3
| 9(%) oeff(%) k(mD) PV
| 9778 6.126 4.441431  2,940594
14.837 12278 16.86075  5.893439
19.822  18.034 38.83125  B8.656466
0481 23511 74.78043  11.28547
29.922 28.861 180.3054  13.85328
34.844 33.784 213.4396 1621632
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Figure 3 shows the simulated effective porosity as a
function of absolute porosity of porous media. It is obvi-
ous from this plot that the effective porosity curves tend
to be linear, and had a value below the absolute porosity
of porous media constructed. The effective porosity value
was 6.126% to 33.784%.

As mentioned previously, the permeability was pre-
dicted using Carman-Kozeny equation (6), where the
trend of permeability with effective porosity resulted from
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Figure 3
Simulated effective porosityas a function
of absolute porosity
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Figure 4
Permeability of porous mediaas
a function of effective porosity
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this simulation shows a good prediction as presented in
Figure 4. This demonstrates that the model and its net-
work representation of the pore space was adequate to
predict the properties and behavior of fluid flow in po-
rous media, which implies that the major flow paths have
been accurately identified. The permeability of hetero-
geneous porous media had ranges of 4.44143 mD to
213.4396 mD.

Figure 5 presents the pore volume change as a func-
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Figure 5
Pore volume of porous mediaas a function
of effective porosity
Table 2

Residual oil saturation results from oil and gas
relative permeability curves

Residual Oil
saturation (%)

Effective
poroosity (%)

6.126 16.4883
12.278 8.7266
18.034 6.1833
23.511 5.1268
28.861 4.3041
33.784 * 3.8211
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Figure 6

Relative permeability curves for effective porosity of porcus media ranges of 33,784% to 6.126%
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tion of effective porosity of porous media. It shows that
with the increasing in effective porosity of porous me-
dia, the pore volume that could be occupied by the fluids
also increases. The trend of these curves was also lin-
ear. Based on the effective porosity of porous media,
the pore volume had ranges of 2.940594 to 16.21632
lattice units®. The value of pore volume is an important
parameter in order to estimate the distribution of fluids
in porous media, which is represented by the fluid satu-
rations of oil (Se) and gas (Sg).

Based on data listed in Table 1 and also Figure 3
through Figure 5, it is obvious that the model used to
simulate two-phase immiscible fluids displacement is well
established to predict the rock properties of porous me-
dia. The flow configuration and the fluids distribution were
very much affected by the microstructure of the pore-
grain of porous media, which can be modeled precisely.
This means that these model parameters reproduce rep-
resentative behavior of porous media.

Furthermore, in two-phase immiscible fluids displace-
ment, the gas is injected into porous media that is origi-
nally occupied by oil, so that the two fluids will reside in
the pore space. At low flow rates the fluid motion is
controlled by capillary forces and move through these
pore spaces with no interaction between the phases,
where the permeability is associated with each phase.
This fraction is then represented by relative permeabil-
ity, which depends purely on the fluid configuration at a
given saturation. Relative permeability is a macroscopic
transport property that describes the simultaneous flow
of immiscible fluids displacement in porous media. For a
given type of displacement process, relative permeabil-
ity might be written as a function of one of the phase
saturations. In this work, the relative permeability of gas
(k) and oil (k) were predicted using the Corey’s equa-
nun as dest.nbcd in Equations (10) and (11). The rela-
tive permeability curves of gas (k) and oil (k) as a
function of gas saturation (5 ) wcrc obtained tor the
ranges of effective porosity of porous media of 6.126%
t0 33.784%. The simulated results of oil and gas relative
permeability are presented in Figure 6.

Figure 6 shows the simulated relative permeability
of oil (k) and gas (k ) as a function of oil saturation
(S). Frunn the qmml.mon results presented in this Fig-
ure, it is clear that for porous media that has lower ef-
fective porosity value, the relative permeability of il (k)
will also lower. An explanation for this behavior can be
written as that for porous media structure with large
pores and correspondingly small surface areas, the end
points of the oil relative permeability curves are high and
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large saturation change may occur during the two-phase
flow. By contrast, the porous media structure with small
pores have larger surface areas, where under this con-
ditions the end point of the oil relative permeability curves
are lower and the saturation change during two-phase
flow is smaller. It is obvious from these Figures that pore
geometry could have the most profound effect on the
relative permeability. Furthermore, qualitatively the rela-
tive permeability curves had similar trends for each value
of effective porosity. The difference is trapping that af-
fected the residual oil saturation obtained. It is shown
that the porous media have correlations in both pore size
and connectivity.

From Figure 6, also it could be shown that from each
oil and gas relative permeability curves (k_ and k) as
a function of oil saturation (S ), there are three impor-
tant characteristic points to observed, are: (a) the oil rela-
tive permeability (k) declines rapidly for a small in-
creases in gas saturations (S)); (b) it indicates an equi-
librium gas (S, ), the ‘ullurdllUﬂ at which gas begins to
flow: (¢) it mdluates the residual oil saturation (S, ), the
value below which the oil saturation could not be re-
duced by gas. In Figure 6a, at effective porosity of
33.784% for example, starting at 100% gas saturation,
the curves show a decrease in oil saturation to 0.038211
(2 0.96289 increase gas saturation) and reduction in the
relative permeability to gas (k) from 100% down to
88%, where at 0.038211 oil qalur.mon (S,), the rela-
tive permeability to oil is essentially zero. The value of
oil saturation 0.038211 in this case, is residual oil satura-
tion (S,). Similarly, the loss of relative permeability to
gas ph.m. (k,,) exists when the gas saturation reduced
to the gas satumuon equilibrium (S J: The residual oil
saturation results from relative permeabtllty curves is
shown in Table 2

From Figure 6, it is also shown that decreasing the
porosity could shifts the relative permeability curves to
the right side and hence higher residual oil saturation
obtained. The cross lines of oil relative permeability (k)
with the gas relative permeability (k) curves are hlgher
than 0.5 (30%) of oil saturation w.luc. which means that
the system is oil wet. The reason for this is that the
fluids invaded large paths of porous media network in
sequence of pore size, leading to a channeled
displacement when these paths connect. The result is
increase in oil trapping and an increase in gas relative
permeability at low saturation. Tlis resultis relevant with
the result of Yortsos et al. (1993), that the oil (wetting
phase) could be macroscopically trapped in low
permeability regions.
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Figure 7 shows the comparison of the simulated rela-
tive permeability with the result from laboratory experi-
ment. The comparison conducted on the effective po-
rosity of both relative permeability results were quite
close, each being 23.511% for simulated relative per-
meability and 22.7% for laboratory experiment. While,
the permeability of simulation have 74.78043 mD, and
148.65 mD for laboratory experiment, respectively. From
Figure 7, it is shown that the simulated relative perme-
ability had similar trend with the laboratory experiment.
The dash lines were the relative permeability of oil (k)
and gas (.{'WJ predicted by the simulation, while the full
lines were the relative permeability of oil (k ) and gas
(k) measured from the laboratory experiment, respec-
tively. The cross lines of simulated relative permeability
is achieved at the gas saturation of 0.56, and for the
laboratory experiment at the gas saturation .53, it means
that both had the same condition, i.e. oil wet system.
From the relative permeability value view point, the cross
lines of simulated relative permeability is lowest com-
pared with the laboratory experiment, were 0.12 for
simulation and 0.21 for laboratory experiment. The rea-
son of these phenomena is due to the simulation and
laboratory experiment had the different permeability. The
cross lines in the system means that the permeability to
both oil and gas is the same and each fluid can move
with equal freedom through the porous media under these
conditions. Based on the Figure 7, it is shown that the
simulation model is an adequate representation of the
geometry of pore space as in laboratory experimental.
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V. CONCLUSIONS

I. Relative permeability is a macroscopic transport prop-
erty that describes the simultaneous flow of immis-
cible fluids in porous media.

]

. Porous media have correlations in both pore size and

connectivity,

3. Decreases on the effective porosity of porous media
could shifts the relative permeability curves to the
right side.

4. Pore geometry could have the most profound effect
on the relative permeability.

5. The relative permeability for every phase shows a
functional dependence upon the saturations of two-
phase as well as fluid properties.

6. The simulation results obtained have a reasonable

good agreement with the laboratory experiment.

NOMENCLATURE
a =constant (a=0.3)
= the Kozeny coefficient
= permeability of porous media, mD
= relative permeability of oil
. =relative permeability of gas
= oil saturation, fraction

=3

~

PP 0

= gas saturation, fraction
. =residual oil saturation, fraction

€r L Gn

= the specific surface area

V, =volume of the obstacles

V' =volume in two-dimensional space
vV =oil volume in porous media

V, = the pore volume of a porous media

¢ = porosity of porous media, fraction
¢, = effective porosity of porous media

¢ =critical porosity or percolation threshold

T = the tortuosity of the porous media
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