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ABSTRAK

Penyelakuan daripada penyesaran polimer di dalam reserbor merupakan suatu
teknik yang penting dalam kejuruteraan petroleum yang digunakan untuk
meramalkan kesan pengeluaran minyak. Pemodelan aliran polimer menembusi media
berliang kerap diterbitkan oleh pendekatan skala makroskopik. Untuk mendapat
gambaran aliran polimer yang lebih baik, suatu model skala liang (skala meso)
digunakan dalam tesis ini untuk menentukan sifat makroskopik. Tujuan penyelidikan
ini adalah untuk mengembangkan model-model Frisch-Hasslacher-Pomeau (FHP) 111
dari kekisi gas automata kepada menyelakukan aliran polimer dan minyak secara
mikroskopik untuk mengkaji sifat-sifat makroskopik bagi fenomena penjerapan,
pembentukan gel dan penyesaran polimer. Pada penyelakuan aliran satu fasa, suatu
cadangan peraturan perlanggaran daripada interaksi antara polimer dan benda pepejal
untuk proses-proses penjerapan dan pembentukan gel telah dibuat. Hubungkait
antara pelbagai sifat makroskopik, seperti penumpuan polimer, keliangan, panjang
permukaan, lebar liang telah pun diperoleh. Pada amnya, penyelakuan-penyelakuan
kekisi gas automata bersetuju dengan baik dengan kajian-kajian sebelumnya, dengan
perbezaan antara mereka adalah berjulat dari 2.0% hingga 17.4%. Pada penyelakuan
aliran dua fasa, mekanisme penyesaran untuk pelbagai nisbah mobiliti dan kadar
penjerapan telah dianggarkan. Perubahan ketepuan dalam liang hujung-mati semasa
penyesaran telah pun dianalisis. Hasil-hasil penyelakuan dua-fasa bersetuju dengan
baik dengan hasil-hasil penyelidikan makmal, dengan perbezaan daripada seluruh
parameter adalah berjulat dari 3.1% hingga 18.4%. Masa pengiraan adalah suatu
faktor penting yang mempengaruhi kebolehlaksanaan penerapan model skala meso
dalam penyelakuan media berliang yang bersaiz besar. Disebabkan sifat kekisi gas
automata, penyelakuan boleh dilaksanakan menggunakan komputer-komputer selari
secara efektif. Penggunaan komputer-komputer selari boleh mengurangkan masalah
masa pengiraan. Dalam tesis ini, suatu teknik pengiraan selari dicadangkan untuk
melarikan penyelakuan kekisi gas automata. Sistem gugusan dan komputer-komputer
berdiri sendiri telah digunakan untuk menyelakukan media berliang aliran
bersambung dan tak-bersambung, berturut-turut. Hasil penyelakuan-penyelakuan
selari bersetuju dengan baik kepada hasil penyelakuan-penyelakuan tunggal, dengan
perbezaan maksimum dari seluruh parameter adalah 3.93%. Masa pengiraan telah
pun dikurangkan oleh suatu faktor yang berjulat dari 1.9083 hingga 14.3411.
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ABSTRACT

The simulation of polymer displacement in a reservoir is one of the important
techniques in petroleum engineering that is used to predict the performance of oil
production. Modeling of polymer flow through a porous medium is often derived by
a macroscopic scale approach. In order to gain better insight of the polymer flow, a
pore scale (mesoscale) model is applied in this thesis to determine the macroscopic
properties. The objectives of this research are to develop the Frisch-Hasslacher-
Pomeau (FHP) III models of lattice gas automata to simulate microscopic polymer
and oil flow for the study of macroscopic properties of adsorption, gelation and
polymer displacement phenomena. In the single-phase flow simulation, collision
rules of interactions between polymer and solid material for adsorption and gelation
processes were proposed. Correlations between various macroscopic properties such
as polymer concentration, porosity, surface length, pore width were obtained. In
general, the lattice gas automata simulations were in good agreement with previous
studies, where the differences between them were between 2.0% to 17.4%. In the
two-phase flow simulation, the displacement mechanism for various mobility ratio
and adsorption rate was estimated. The change of saturation in dead-end pores during
the displacement was analyzed. The results of the two-phase flow simulations were
in good agreement with those of laboratory experiments, where differences of all
parameters were between 3.1% to 18.4%. The computation time is a crucial factor
influencing the feasibility of a mesoscale model application in simulating large
porous media. Due to the nature of lattice gas automata, the simulation can run using
parallel computers effectively. The use of parallel computers is able to reduce the
computation time problem. In this thesis, a parallel computation technique has been
proposed to run the lattice gas automata simulation. A cluster system and standalone
computers were used to simulate communicating and non-communicating flow in
porous media, respectively. The results of the parallel simulations were in good
agreement with those of single simulations, where maximum difference of all
parameters was 3.93%. The computation time was reduced by a factor that ranged
from 1.9083 to 14.3411.
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CHAPTER 1

INTRODUCTION

This chapter presents the background of simulation of polymer flow in porous
media and the applications of lattice gas automata method in the first section. The
background brings out and concludes statements of problem for conducting the
research ideas that are written in the second section. The objectives of the research
are based on the problem statement, whereas the scope of work is planned to achieve
the objectives. They are described in the next two sections. In the last section, a

preview of the chapters in this thesis is presented.

1.1 Background

Polymer injection into reservoir rock is one of extensively used methods in
enhancing oil recovery (Chauveteau and Sorbie, 1991). Many aspects of polymer
injection have been simulated for a long period of time. Two phenomena that usually
happened during polymer injection were adsorption and gelation. These phenomena

played important roles, because they affected several rock and fluid properties.

The presence of the adsorbed or gelled polymer layers reduces the cross
sectional area in pore throats. Since the pore size becomes closer to macromolecular
length, the fluid flow in the medium is more difficult than at original condition. This
means that the permeability of the rock reduces. The change of the permeability
reduces the mobility of any fluid. On the other hand, adsorption and gelation reduce

the density and viscosity of polymer solution because part of polymer particles is



linked and excluded from solution. The change of the viscosity affects the relative
permeability, while the combination of permeability and polymer viscosity
reductions affects the mobility ratio of a polymer displacement. Finally, the change
of mobility ratio results in the change of the displacement efficiency (Zaitoun and

Kohler, 1987; Ghazali and Willhite, 1985; Chauveteau and Sorbie, 1991).

Previous researchers (Liu, 2002; Khachatoorians, 2004) developed polymer
flow in porous media models to study the phenomena of adsorption and gelation.
However, the models were developed using macroscale approach. Several
macroscale models were also developed for polymer displacement simulation
(Bondor et al, 1972; Todd and Chase, 1979; Mattax and Dalton, 1990; Lecourtier et
al, 1992; Dakhlia, 1995; Wu, 1996; Shirif, 1998). The models usually assume that
the levels of adsorption and gelation are same everywhere. In addition, the polymer
front is assumed to be like a piston. In reality, the polymer front is not flat and the
thickness of adsorption and gelation are not the same. The distribution and rate of
adsorption and gelation processes are affected by local properties of a site in porous
media such as pore size and mineralogy. An appropriate way to overcome these
difficulties is the application of mesoscale model instead of macroscale model. The

mesoscale model is able to accommodate to the realities.

In macroscale approach, a porous medium system area is usually assumed to
possess homogeneous properties, whereas, in reality a reservoir rock is consist of
various fluid saturations and various size and shape of rock granule. The assumption
is usually tolerated in predicting macroscale properties. However, the pertinence of
the methods is questionable when the phenomena are very much depending on
heterogeneity of the rock such as adsorption and gelation of polymer. It is obvious
that the phenomena must be viewed at mesoscale. The mesoscale approach is needed

to model the heterogeneity of the porous medium.

Several molecular automaton methods based on the mesoscale approach have
been developed. A classic comprehensive solution for the system can be obtained by
using molecular dynamics. The method models all individual molecules. Inter-
molecule interactions are modeled to behave as a fluid. The position, velocity and

direction of the molecules are calculated. Successive calculations of the interaction



would build up the macroscopic flow. Unfortunately, calculations of molecular
dynamics become so large and spend much time even for very small system. An
appropriate way to overcome this difficulty is the application of cellular automata
method. The cellular automata method is discrete analogues of molecular dynamics,
in which particles with discrete velocities populate the links of a fixed array of sites
(Wolfram, 1986). Cellular automata method has been developed into some classes.
One of the cellular automata methods that seems suitable for polymer injection in
porous media is lattice gas automata (LGA) since the method has been developed for

simulating immiscible fluids (Rothman and Keller 1988).

Lattice gas automata method was introduced by Hardy et a/ (1973), and was
completed by Frisch et al (1986) by introducing the hexagonal lattice to satisfy
Navier-Stokes equation. The method was capable to model a complex system
accurately. In 1988, Rothman applied lattice gas automata method to study the fluid

flow in porous media.

One of LGA advantages is that the method replaces floating-point calculation
with fewer Boolean and/or table-lookup operations (Biggs and Humby, 1998). The
boundary conditions for complex geometries can be easily implemented (Frisch et al,
1986). In addition, the coding of fluid and solid sites is simple (Lee and Chung,
1993). The lattice gas automata simulation can also be run using parallel computers
(Buick, 1997).

On the other hand, lattice gas automata method has some drawbacks. In LGA
method, the density is independent of pressure. Conversely, the pressure is a function
of the density. Consequently, the method is only applicable for incompressible fluid.
LGA method is a pore-length scale approach (Lee and Chung, 1993). However, the
limitation is not a problem for this research, since the fluids used were

incompressible.

It is impractical to model the whole reservoir by LGA. One cubic centimeter
of reservoir sandstone may have 200,000 pores bodies. If an oilfield inter-well
spacing is 100 meters, one needs about 2 x 10'” sites to simulate the porous medium,

(Patzek, 2000). Thus, much time for simulating the large porous media is needed for



the LGA model. Computer with high performance is required to reduce the
computation time problem. Nowadays, massively parallel processors (MPPs) are the
most powerful computer in the world. However, the operating or maintenance costs
of the MPPs are usually expensive. Parallel computation can be a potential
alternative in accelerating the simulation rate (Al Geist et al, 1994a). Previous
researchers recognized the necessity of parallel computation for LGA simulation
(Frisch et al, 1986; Rothman, 1988; Chen S. et al, 1991; Starr et al, 1996). However,
the computation time reduction for LGA using parallel computer has not been

reported yet.

1.2 Statement of Problem

Based on the above mentioned background, some problems exist, that are:

1. The adsorption and gelation should be simulated at pore scale. A mesoscale
method is expected to gain a better insight of the microscopic phenomena than a
macroscale method. One of the possible mesoscale methods is lattice gas
automata. Can lattice gas automata method be used to simulate the phenomena?

2. LGA method has been developed for modeling two-phase flow in porous media.
As an extended application of the adsorption modeling, can the LGA method be
applied for modeling polymer displacement?

3. In general, a mesoscale method is time consuming if it is applied to simulate
fluid flow in laboratory or larger scales. This may cause the method to be
unfeasible. Can parallel computation be applied on lattice gas simulation to

reduce the computation time?

1.3  Objectives of the Research

In order to solve the above-mentioned problems, the objectives of the
research are listed as follows:

1. To model adsorption, gelation and polymer displacement processes.



2. To conduct laboratory experiments for validating the models.

3. To conduct parallel computation in simulating the models in order to reduce
the computation time.

4. To study the effects of porosity and surface length on polymer adsorption as
well as the effects of polymer adsorption on rock and fluid properties.

5. To study the effects of porosity, surface length and pore diameter on gelation
process and the effects of polymer concentration on permeability reduction in
the simulation of gelation.

6. To study the effects of mobility ratio, adsorption and dead-end pore on
polymer displacement performance, such as displacement efficiency, relative

permeability and fractional flow.

1.4  Scope of Work

In order to achieve the objectives, the scope of work should be identified. The
scope of work of the research covers:
1. Conducting laboratory experiments on a single-phase and a two-phase flow in
porous media.
Modeling adsorption, gelation and polymer displacement in porous media.
Modeling lattice gas automata for parallel computation.
Writing simulators for adsorption, gelation and polymer displacement.
Validating the simulators with the laboratory displacement experiments.

Running parallel computation for the lattice gas automata models.

T B

Investigating and analyzing several parameters of rock and fluid during polymer

injection process such as velocity, viscosity, and permeability.

The design of the experiments and methods used resulted in several
limitations. The porous media used were the compacted loose sand grains
(sandpacks) where the porosity of the media ranged from 0.31% to 0.52%. The use
of the porous media type instead of sandstone cores was aimed to reduce the non-
accessible pores by polymer and allow the adsorption process to occur on the entire

pore surface. This was due to the models being assumed that that all polymer



particles retained in porous media were caused by adsorption, while hydrodynamics
retention and mechanical entrapment of polymer were not taken into account.
Besides that, kerosene (a light fuel oil) was used as displaced liquid in the polymer
displacement experiment. Several limitations were also associated with the
adsorption and gelation processes where temperature was constant and the processes

were irreversible during simulation.

1.5 Summary

Simulation of polymer flow in porous media has been developed for a long
time especially in predicting macroscopic phenomena. Since natural porous rock
system is generally heterogeneous, microscopic phenomena that arrange the
macroscopic phenomena are important. The application of lattice gas automata
method as a mesoscale approach is an alternative in simulating the phenomena

deeper.

This thesis is organized as follows: an introduction followed by the problem
statement, the objectives and the scope of work as presented in this chapter. Chapter
2 outlines the basic theory of the lattice gas automata along with reservoir fluid and
polymer flow behavior. Chapter 3 reviews the previous studies that are relevant to
this research. Chapter 4 presents the development of lattice gas automata for
adsorption, gelation and polymer displacement. Chapter 5 discusses the validation of
lattice gas automata models both for static and dynamic polymer solution and
polymer displacement in porous media. Chapter 6 presents the simulation results and
discussion of adsorption and gelation. The simulation results and discussion of
polymer displacement are provided in Chapter 7. The development of lattice gas
automata for parallel computation along with result and discussion are provided in
Chapter 8. Finally, Chapter 9 concludes this study and provides the

recommendations for further researches.
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