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Introduction

In this paper, we use percolation theory approach as
an appropriate model of connectivity and dynamics
in complex geometries [1,2]. This approach provides
some simple power laws from which likely outcomes
can be predicted by simple algebraic transformations
[3].To briefly describe this approach, let starts with
a very simple porous medium. The medium is
assumed to be a lattice with a fraction p of randomly
occupied (or permeable) sites and the fraction 1-p
of non permeable sites. Clusters are formed when
neighbouring sites are occupied. At one particular p
(called percolation threshold, p ) for the first time one
large cluster can connect the two sides of the medium
(so called spanning or percolating cluster).

From field-scale application of percolation theory,
it is possible to estimate the breakthrough time of
injected fluid, a suitable well spacing, the fraction
of sands connected between two wells and the post
breakthrough behavior e.g., rate of oil production
decline [4].

The regular percolation models can be formed on the
lattice of sites (e.g., square, triangle, honeycomb) or
network of bonds. The bond network model consists of
pores and throats. The more applicable network model
used in petroleum engineering made of sandbodies
with different shape, diameter and lengths that are
connected together in a form of a network of pores and
throats. In such continuum models, the occupancy p is
defined as the area fraction covered by the good sands
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(discounting the overlapping).

The aim of this study is to determine the breakthrough
time of an injected fluid into the production well at
field scale by using percolation scaling relations.
However, the simple assumptions such as passive
tracer injection in the primary percolation scaling
relations questionable, hence, in this study we present
a method to extend the applicability of the predictions
of the percolation method to the cases with different
mobility ratios.

Theoretical Backgrounds

The application of dynamic percolation to model flow
in a porous medium started in 1980s. Some details
for percolating systems can be found in references
[3,5]. However, some assumptions used in percolation
theory limits the application of it for realistic field
models. For example, the scaling ansatz of percolation
properties such as breakthrough time was originally
developed by using random Walk and Monte Carlo
simulation on regular lattices. However, more realistic
porous media can be made of overlapping sands, and
the physics of two phase displacement is needed. In
this study, we used the breakthrough scaling equation
(Equation 1) [4]. The occupancy p in percolation
terminology is equivalent to the net to gross (NtG) in
petroleum engineering. As said before, the threshold
value (p,) depends on types of percolation network
used in the model.



Petroleum Research, 2022(October-November), Vol. 32, No. 125

1ot . t,
Plty | roLop) =~ (o) exp(-a(5 ) ®)

—ct

o—p. m

exp(—b ( —p

t .
) Y exp(

where, P(z, .|z L, p) stands for breakthrough time
distribution ¢, for a 2D system of size L with
occupancy p and well spacingrand a, b, ¢, d, g, ¢, v
are coefficients and exponents with numerical values
in Table 1.

In a simple 2D model, the reservoir is made of
randomly distributed sands (as square objects) with
possibility of overlapping to each other. The numerical

Table 1 Assumptions used to build static models.

values for the variables and constants in Equation 1
obtained from simulations of 2D and 3D problems can
be found in References [6.7]. The application of the
scaling equation (Equation 1) for the breakthrough
time in the real field where injected fluid (e.g., water)
has different properties than displaced fluid (e.g.,
oil) or needs some modifications [3]. As emphasized
by References [7.8], the time variables in Equation
1 should then be normalized with an appropriate
reference time based on flow geometry in the system.
Also, another correction is needed to consider the
effect of mobility ratio M.

Variable Value Unit
1 0] Reservoir: ¢=0.25, Non reservoir: ¢=0 fraction
1 K Reservoir: k=104 ¢3/1-¢), Non reservoir: K=0 Darcy
3 NtG 1 -
4 Grid Number=10° cells, (Size= 200 x100 x1) No., (m?)
5 Kr Linear curves (or x-shape curves) with no residual saturations
6 Scenario Prgduction well in cell (50,50), Injection well in cell (150,150), rate of 50 bbl/day for voidage
ratio=1
Model Buildup reasonable simulation results, we first need to set an

To build the reservoir model, it is first necessary
to have a static reservoir model with percolation
structure. A summary of assumptions used for building
static models is given in Table 1.

We performed a sufficient number of realizations
for later statistical analysis of the breakthrough time
and its dependency on the mobility ratio. For the
reservoir base model, the average breakthrough times
were determined in the range of 2 to 5 years. To get

appropriate simulation time s$teps to get reports for
later analysis which based on a sensitivity $tudy it is
set to 5 days.

For simulation purposes, a production well in the cell
(50, 50) and an injection well in the cell (150, 150)
were defined as a base scenario. The rate of 50 barrels
per day was considered to maintain the voidage ratio
of 1. The other reservoir rock and fluid data used to
perform the flow simulations is presented in Table 2.

Table 2 Reservoir rock and fluid data considered for the flow simulations.

Variable Value Unit Equation
P, 4000 psi -
T, 170 f -
S ua=0s
S Sgas:(), % -
S,;=100
R, 210 sct/stb Lasater (1958)
salinity 200000 ppm McCain (1990)
B, 1.13 bbl/stb -
P, 1120 psi -
n 0.8—-1.43 cP -
P, 0 psi -

As we need to run flow simulations on large number
of realizations, this step was performed by coding in
the software environment using the workflows section
which defines a case for each scenario. Then, the
pressure solver software for Black oil model solves

the flow equations in the software environment. After
simulation of each scenario, the software execution
screen closes and the process of creating a new
realization and running the simulation on it starts and
this will be repeated. The numerical simulation will



be continued until the water cut in production well
reaches the pre-determined value. Then, the results
is read from the simulation output file and recorded
consecutively in a .txt file.

Comparison of the histograms of breakthrough time
in the simulation models with occupancy close to
the threshold p= 60% at various mobility ratios M is
shown in Figure 1.

Also, this figure shows a longer time needed for

p=0.6

p=0.6
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the breakthrough of injected fluid in the models
with a lower mobility ratio M. As emphasized by
Shokrollahzadeh et al in 2019, to apply Equation 2
in real two phase flow problems with different fluid
viscosities, a correction for the effect of mobility
ratio of two phases are needed. Based on the results
of simulations performed, Figure 2 shows the
dependency of breakthrough on occupancy probability
and mobility ratio.
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Fig. 1 Comparison of breakthrough time in the simulation models close to the threshold p= 0.6 for M=1, 2, 10.
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Fig. 2 Illustration of dependency of breakthrough time on
mobility ratio at two occupancy probabilities p= 0.6 and 0.8.

Conclusions

In this study, percolation theory approach has been
used to predict the breakthrough time of injected fluid
in oil reservoirs. In particular, the scaling relation for
the breakthrough time distribution based on the per-
colation concepts was used to incorporate the effects
of viscosity ratio of injected fluid and displaced fluid.
In this study, more than 300 flow simulations was per-
formed, and the breakthrough times are obtained. A
clear power law dependency of breakthrough time on
Mobility ratio has been found.

2nd Edition, Taylor & Francis, London.
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