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ABSTRACT

This research is a simulation study to improve oil recovery using waterflooding
and polymer flooding techniques based on data obtained from the Perdana oilfield in
Malaysia and the Brillig reservoir as described in Eclipse 2000. There was no published
report on polymer flooding project or polymer flooding simulation work that has been
carried out for the Perdana oilfield. These two simulation studies have illustrated the
feasibility of polymer flooding and provided the technical knowledge that can be used to
study other techniques of improved oil recovery (IOR) to be implemented in Malaysian
oilfields. Use of polymer increases water viscosity which controls water mobility thus
improving the sweep efficiency. The simulations were carried out using the black oil
model. In the simulation, factors such as polymer shear thinning effect, adsorption,
concentration, permeability reduction, and fluid viscosity have been taken into account
when constructing the mathematical model. For the Perdana reservoir, the polymer slug
size was 0.624 PV, polymer concentration was 2500 ppm, oil recovery was 48%, and the
incremental oil recovery was about 11%. For Brillig reservoir, the polymer slug size was
1.11 PV, polymer concentration was 2000 ppm, oil recovery was 45%, and the
incremental oil recovery was about 8%. The waterflooding and polymer flooding costs
were also studied for both methods in the Perdana reservoir. The polymer flooding
project in this study has shown a better outcome compared to waterflooding project. The
total production costs for a single barrel via polymer flooding and waterflooding were
US$9.57 and US$5.68 respectively. Following that, the forecasted net profits of
polymer flooding and water flooding for the Perdana oil field were US$2.04 billion and
US$1.65 billion respectively, and the profit from the polymer flooding project over
waterflooding project was US$390 million.
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ABSTRAK

Penyelidikan ini merupakan kajian simulasi bagi mempertingkat perolehan
minyak menggunakan teknik banjiran air dan banjiran polimer. Data diperoleh daripada
lapangan minyak Perdana di Malaysia dan reservoir minyak Brillig dalam Eclipse 2000.
Sehingga kini, tiada sebarang bahan tertbitan tentang projek banjiran polimer mahupun
kerja simulasi banjiran polimer di lapangan minyak Perdana. Kajian ini menunjukkan
bahawa terdapat kemungkinan penggunaan banjiran polimer dalam peningkatan
perolehan minyak (IOR) dan menyumbang kepada bidang teknikal yang boleh
digunakan dalam kajian teknik lain untuk meningkatan perolehan minyak di Malaysia.
Penggunaan polimer dapat menambah kelikatan air serta mengawal pergerakannya di
samping meningkatkan daya aliran. Simulasi dilaksana menggunakan model minyak
hitam. Faktor-faktor dalam polimer, misalnya kesan kericihan, daya serapan, kepekatan,
pengurangan ketertelapan, dan kelikatan bendalir telah diambil kira dalam menerbitkan
model matematik. Reservior minyak Perdana yang dikenakan slug polimer berukuran
0.624 PV dengan kepekatan 2500 ppm berjaya menghasilkan perolehan minyak
sebanyak 48% dan menunjukkan peningkatan sebanyak 11%. Bagi reservoir minyak
Brillig yang menggunakan slug polimer bersaiz 1.11 PV dengan kepekatan polimer 2000
ppm, perolehan minyaknya 45% dengan peningkatan sebanyak 8%. Kos pengendalian
banjiran air dan banjiran polimer terhadap reservoir minyak Perdana turut dikaji. Hasil
menunjukkan bahawa projek banjiran polimer memberi pulangan yang lebih baik
berbanding projek banjiran air. Jumlah kos pengeluaran bagi setiap tong menggunakan
teknik banjiran polimer ialah US$9.57 manakala teknik banjiran air pula adalah lebih
kurang US$5.68. Anggaran keuntungan yang bakal diperoleh daripada lapangan minyak
Perdana ialah US$2.04 bilion bila menggunakan teknik banjiran polimer, manakala
US$1.65 bilion untuk teknik banjiran air. Oleh yang demikian, keuntungan projek yang
menggunakan teknik banjiran polimer aberbanding teknik banjiran air ialah US$390

juta.
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CHAPTER 1

INTRODUCTION

1.1  Background

About 85% of world energy demand is delivered by fossil energy and oil’s
share in world demand is more than 30%®*. World oil consumption per year has
increased from 3.2 billion m?® in 1975 to 4.4 billion m® in 2000 and which is

expected to increase up to 5.2 billion m® in 2010. The last decade has seen a
progressive increase in global discovery volumes of oil. This is mainly due to two

reasons which are: access to some very prospective resource areas and advances in

technology®. Every oil reservoir, whether mature, recent or yet to be discovered, is a
candidate for enhanced oil recovery (EOR). This is because reservoirs still contain
significant quantities of oil after conventional primary and secondary recovery
operations. Conversion of candidates into projects is a function of economic climate,
available technology, and operator priorities. Oil production strategies have followed
primary depletion, secondary recovery and tertiary recovery processes. All these
methods are typically used one after another in the development of an oilfield, and
the transition between methods occurs when a production method becomes
uneconomic. This strategy in the production of oil is not necessarily efficient,
although it is convenient from a planning standpoint. In many cases, the use of
tertiary methods without the use of secondary methods could improve the overall

recovery of the field after primary depletion.



Displacement methods require the movement of a volume of injected fluid
and reservoir fluid from one part of the reservoir to another. If enough information is
available petroleum engineers are able to approximate or simulate reservoir

conditions through computer modeling so that they have some idea of what might

work best®. However, it is not possible to exactly simulate any given natural
reservoir because of the tremendous number of variable parameters. Primary
depletion refers to as primary production, uses the natural reservoir energy to
accomplish the displacement of oil from the porous rocks towards production wells.
Natural reservoir energy or primary methods force oil to producer wells with a
consequent drop in the reservoir pressure. The reservoir pressure would drop below

the bubble point pressure, and the dissolved gas would be released from the oil.

Primary methods extract only about 30% to 40% of the original oil in place.
In general, natural drive mechanisms leave behind about 60% to 70% of the oil initial
in place. To maintain reservoir pressure and also to sweep out oil in more efficient
displacement process waterflooding is being widely used in many reservoir
formations as a simple inexpensive secondary method. The secondary methods
augment natural energy by fluid injection (gas, water and gas waterflooding) as
shown in Figure 1.1. The waterflooding has been reviewed in some details, the
inefficient displacement by waterflood mechanism is mainly due to unfavorable
mobility ratio or reservoir heterogeneity®*. For these reasons, the production plan
should include chemical enhanced oil recovery (EOR) processes as tertiary methods
to recover the otherwise irrecoverable oil in the reservoir rock. A fact has been
established that the mobility of the brine used in waterflooding was greatly reduced
by the addition of very small amounts of hydrolyzed polyacrylamide, a water-soluble

polymer. This reduction in brine mobility resulted in greater oil recovery than that

attributable to conventional water flooding®.
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Many additional papers sustaining and extending this information have since
appeared in the literature. Some field information has been provided about the most
suitable reservoir and fluid characteristics for polymer flooding applications®. The
purpose of their paper is to present basic conditions and test results for a large
number of polymer flood projects and to examine the ranges of some of the more
important parameters within which success has been achieved. In addition, the
effects of variations in several important reservoir and polymer properties upon
polymer flood recovery are illustrated with the aid of a computer program. Such

effects were not readily observable by field testing.

1.2 Simulation Work

Simulation work has been used for predicting and optimizing reservoir
performance  since the beginning of petroleum industry. Initial studies were
composed of laboratory models and analytical calculation. In the early sixties, the
term simulation was commonly used for predictive methods that use relatively
sophisticated computer programs. These programs were the solutions of the
equations that govern rnultiphase fluid flow in porous media using finite difference
techniques. The advancement in computer technology together with the development
of numerical methods for solving finite difference equations resulted in the capability
to solve large sets of equations describing multiphase flow in multi-dimensions,
anisotropic, heterogeneous media. For the most part the problems attempted were
two phase gas/water or gas/oil and three-phase systems. In the early seventies, due to
increased demands for energy enhanced recovery techniques gained importance thus
the necessity of simulating complex systems and processes led to the development of
new models like chemical flooding, miscible fluid injection, steam or hot water
injection, polymer flooding, and enriched gas injection. In general these models,

according to their nature of formulation and capabilities, can be grouped into four

categories namely, black-oil, compositional, thermal, and chemical ’ .



The numerical method proposed by Douglas, Blair, and Wagner was
significant. For the first time, capillary pressure was taken into account
mathematically®.The differential equation governing the displacement process in a
linear and homogeneous reservoir was transformed to a difference equation and
solved numerically. The results have been offered of a two dimensional
mathematical model that included the effects of relative permeabilities, fluid
viscosities, densities, and gravity and capillary pressure. Thus, it included all the

necessary fluid flow effects and considered two dimensional well pattern effects®.

Two-phase multilayer of Buckley-Leverett displacement has been developed,
the simulator capable of modeling either linear or five-spot patterns®. Mobile gas
saturation also could be specified, but this was treated as void space and did not
affect the flow characteristics of the system. Gravitational and capillarity effects
were neglected. The residual resistance of the brine following a water slug was
modeled as an increase in its viscosity. The viscous fingering of the brine through the
polymer slug was treated by altering empirical relative permeability relationships to

specify a more adverse mobility ratio.

1.3  Polymer Flow in Porous Media

Pye has reported that the viscosity of a polymer solution is markedly higher

when the solution flows through a porous medium, than in a standard laboratory
viscometer'®. This departure is due to the polymer solution viscosity being affected
by a different shear rate compared to the viscometer. The polymer causes reduction
of the permeability of the porous media. Burcik and Walrond have proposed that a
microgel structure in the polymer solutions may account for the mobility control™,
the permeability reduction comes by the adsorption and entrapment of the polymer
particles within the pore openings'?. Having flowed brine, polymer solution, and
again brine through a sintered glass disc, and having noticed that the final brine flow
rate was substantially less than the original, he flowed distilled water, and the result

was a nearly plugged core. But, when the distilled water was displaced with ethyl



alcohol, the mobility of the alcohol, after correction for viscosity difference, was
identical to the initial brine mobility. This was probably due to the large decrease in
the polymer particle size by dehydration, that is, removal of the water with alcohol,
nearly restoring the initial rock permeability. Upon flushing the alcohol with distilled
water, the core was again nearly plugged, indicating the presence of polymer
molecules within the porous medium. Similar results have been obtained with
natural, consolidated cores that were washed in HCI solution and muffled at 1500°F.
Thus, once hydrolyzed polyacrylamide solution has flowed through the porous
medium, the original permeability of the medium is not restored by flushing with

water.

The flow behavior of partially hydrolyzed polyacrylamides in Berea
sandstone, reported a distinct influence of both the molecular weight and the velocity
of flow on the mobility and the residual permeability loss in porous medium. At the

velocities of about 10 feet per day and greater, it was found that the mobility of the

polymer solutions decreased with increasing flow rate™.

Chemical Enhanced Oil Recovery (EOR) processes are now being
considered for large scale field applications given the recent high price of crude oil.
Malaysian oil fields are located offshore. This simulation study undertaken is to
investigate the feasibility of increasing oil recovery through polymer flooding for oil
fields in Malaysia. Polymer has been used to increase oil recovery efficiency in water
injection since the mid-1960s. Experts soon realized that in addition to imparting
viscosity to injected water, polymer adsorbs onto rock. Polymer is added to the water
flood (water-soluble polymer), and the main objective of polymer injection during

waterflooding of oil reservoirs is to decrease the mobility of the injected water.

Certain plugging effects within highly permeable layers may also occur and
result in the diversion of the injected water into less permeable zones of the reservoir.
The mobility decrease of the injected water resulting from the addition of polymer is
due to two effects. Firstly, the viscosity of the polymer solution is higher than that of
pure water (the viscosity of the polymer solution increases as the concentration of the
polymer in the water increases). Secondly, the rock permeability to water is reduced

after the passage of a polymer solution through the rock material. Both effects



combine to reduce the value of the water mobility while that for the oil is unaltered.
The results are more uniform flood front, improved waterflood efficiency, more oil
produced at a lower water-oil ratio (WOR) and a more favorable fractional flow
curve for the injected water leading to a more efficient sweep pattern and reduced

viscous fingering.

To achieve maximum efficiency, the polymer solution is often applied in the
form of a tapered slug. At the front edge of the slug, the displacement is stable but
the interface between the water and the polymer solution smears due to physical
dispersion of the polymer. At the rear edge, the mobility ratio is unfavorable and is
dominated by viscous fingering. Both effects cause deterioration of the slug, and are
modeled in Eclipse by means of a mixing parameter applied to the viscosity terms in

the fluid flow equations.

14 Problem Statement

When petroleum reservoirs are depleted by natural drive mechanisms due to
decreasing reservoir pressure only a small fraction of the oil can be produced (30-
40%). Implementing a secondary recovery, waterflooding, would still not produce all
the recoverable oil present in the reservoir. At the time of breakthrough the water cut
level is high. The inefficiency of recovery is coupled by the fact that some regions in
the reservoir, such as having low permeability sands, will not be swept by the
injected water at all. The factor of high water mobility ratio results in poor

volumetric sweep efficiency especially when reservoir rock is highly heterogeneous.

Under the current scenario of highly escalating oil price, it would be
economically sound to eke out more barrels from the presently producing fields by
implementing an IOR. One of the methods to be looked into would be polymer
flooding which augments waterflooding with greater recovery through the addition

of polymer solution to enhance mobility ratio of the flood.



To date, no polymer flooding had been implemented on any Malaysian oil fields
even though waterflooding is common. No reported simulation work has been
published for this oil recovery technique for Perdana oil field.

A simulation study of a polymer flooding process for a Malaysian oilfield should
thus be undertaken in order to indicate if the proposed IOR is technically feasible,

and economically attractive.

15 Objective

The objectives of this research are:
I- To investigate the effectiveness of water flood and polymer flood projects in
Perdana reservoir located in Malaysian offshore and Brillig reservoir a

reservoir described by Eclipse 2000.

ii- To model the Perdana reservoir and Brillig reservoir for the purpose of

polymer flooding simulation runs

iii- To simulate the process using Eclipse 2000 thus enabling analysis of the

process as undertaken by many known field operators

iv- To fully understand the complexity of the process, the important factors
influencing oil recovery of the polymer flood would be studied for Perdana
Reservoir. Similar runs would be made on Brillig reservoir as well, and the
results of the runs for both fields would be discussed.

v- To investigate oil and water production rate.

vi- To investigate water cut levels.

vii- To investigate cumulative oil and water production.



viii- To investigate reservoir production for history matching.

ix- To investigate recovery factor.

16 Scope

This research will be carried out to focus on the oil recovery methods with
use of secondary recovery methods and tertiary recovery methods which will
improve oil recovery. Water injection is the oldest conventional recovery method
used after primary recovery which is a successful engineering technique in
heterogeneity reservoirs to displace crude oil to production wells. Reservoir
simulation studies of water flood and polymer flood model into Perdana reservoir
and Brillig reservoir that would be carried out using Eclipse 2000 simulation. The

scopes of this research as follows:

i- To study effectiveness of the following parameters on oil recovery factor

when modelled and run on Eclipse:

Polymer adsorption
Polymer concentration
Polymer solution viscosity

Mobility ratio

1

2

3

4

5. Fractional flow curve
6. Residual oil saturation
7. Displacement efficiency
8. Reservoir water salinity
9. Injection time

10. Slug size

11. Vertical permeability to horizontal permeability ratio (K /K, )



10

Ii- To select a polymer slug size that gives the best economic return
iii- To study the economic aspect of polymer flooding economic (costing) for the

Cases run
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