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ABSTRACT

The main objective of this project is to analyze different type of injection
strategies by comparing the reservoir performance after applying different type of
injection pattern and injection fluid techniques. The main parameter that crucially
observed in this project is the percentage of oil recovery after applying recovery
method, field reservoir pressure depletion, watercut and gas oil ratio from particular
field.Injection is important for secondary oil recovery and highly affecting the
performance of particular reservoir. In order to get the best or most efficient injection,
there are several factors that need to be considered such as injection patterns and also
injection fluid techniques. During FYP1, the author has implemented different type of
injection pattern through out several cases in the conceptual model where injection at
one corner of the reservoir from the bottom has proved the most effective pattern to be
applied in the model. However, the author cannot continue the project to the real field
like Angsi field that the author planned to do since the reservoir is homogenous and the
injection pattern do not effect much in the production of oil from the field. So, for FYP2
the author focused mainly on the different types of injection fluid techniques including
water injection, gas injection and also water alternating gas injection as the next
injection strategy to be implemented in the particular real field in Malaysia which is
Angsi field. The main methadology to be used in this project is simulation of Angsi

field by using Eclipse 100 as the main software and Petrel as the add-on software.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Injection strategy in this project is focused mainly on different types of injection
patternand injection fluids techniques that will result in highest oil recovery. There are
three injection patternsand injection fluidstechniques that being introduced in this
project and based on these three injection pattern that being operated at the same
condition of reservoir, a simulation study has been run in order to get the reservoir

performance for each cases of fluids injection.

By using Eclipse DATA file, the basecase of reservoir model has been generated
to be tested again these three injection strategies. For injection pattern strategy that has
been implemented during FYP1, the injection patterns were tested based on conceptual
model. For different injection fluids techniques which being implemented during FYP2,
the strategy was conducted in the real Angsi field model where the reservoir model
consists of 12 producing wells and set as active producer from 2001 until 2026. The
reservoir is almost homogenous reservoir and produced naturally without any drive

mechanism throughout the field life.



By using Eclipse DATA file, the conceptual reservoir model was generated to be
tested again these three injection pattern. The reservoir model is in three dimensional

where it is 3 cells in x, y and z directions. The reservoir is a homogenous reservoir

where the porosity and permeability is the same throughout the reservoir.

The permeability for this reservoir is 200 mD and the porosity is 20%. The
initial oil saturation is 75%. Picture below shows the conceptual reservoir model where

there is production well at the middle of the reservoir and is producing for 5 years

timeline.
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The efficiency for each of the injection patterns are analyzed by comparing the

cumulative oil produced at the end of 5 years timeline of production.

For second strategy which is injection fluid technique, the Angsi field consists
ofaverage permeability in x and y direction about551.8mD and in z direction about
55.181mD. The average porosity is 23% andthe initial oil saturation is 0.85 with initial
water saturation is 0.15. The current stock tank oil initially in place, STOOIP is 231.143
MMbbl. Picture below shows the reservoir model overview where there are 105336

cells number for the whole grid and only 29248 is active cells.

L] 0 [ ] T [} [F ult]

Figure 1.2: Basecase of Angsi reservoir model

Based on this basecase model, the author has implemented three different cases

of injection fluids which are:

1) Case 1 —Water injection where there are 4 permanent water injection
wells, 7 converted producer to water injector wells (after the well not

producing economically) and 5 permanent producing wells.




2) Case 2 — Gas Injection where there are 4 permanent gas injection wells, 7
converted producer to gas injector wells (after the well not producing
economically) and 5 permanent producing wells.

3) Case 3 —Water Alternating Gas (WAG) where there are 4 permanent
WAG injection wells, 7 converted producers to water injector wells
(after the well not producing economically) and 5 permanent producing

wells.
The efficiency for each of the injection fluid typesis analyzed by comparing
thereservoir performance for each of the cases in terms of Oil Recovery, Watercut and
Gas Qil Ratio.

1.2 PROBLEM STATEMENT

1.2.1 PROBLEM IDENTIFICATION

Nowadays, injection becomes one of the important technology in secondary oil
recovery in order to increase oil recovery. Theoritically, there are many methods of
injection fluids that can be done for particular reservoir in order to increase oil
recovery. However, it is crucial to compare different types of injection fluids in

order to get the best method to increase oil recovery.

Eventhough the pattern introduced based on the theory; peripheral injection
pattern, line-drive injection pattern, and regular injection pattern (4, 5 spot and etc.)
can significantly improve the oil recovery, but certain pattern only suitable for
particular reservoir characteristic. This project will try to determine which injection
pattern will result in highest oil recovery based on the same reservoir condition

generated from conceptual model.

The implementation of secondary oil recovery namely water or gas injection and

water alternating gas injection in Malaysia are getting more and more crucial since



the oil reserve left these days more towards residual oil. This project will study the
best methodology to be implemented particularly in injection fluids strategy to get

the best oil recovery.

So, the study regarding this project is important to know what is the best

injection fluids in order to be implemented in particular reservoir.

1.2.2 SIGNIFICANT OF THE PROJECT

Actually, the study regarding different injection patterns and injection fluids
typesare important in order to determine which injection fluids will result in highest
oil recovery. Due to many injection pattern existed in the industry nowadays, the
study regarding which pattern will result inhighest oil recovery is important in
order to maximize oil recovery. In terms of injection fluids techniques, there are
three different injection fluids methods being analyzed which are water injection,
gas injection and water alternating gas injectionIt is important to study the
effeciency for each of the injection fluids method in order to determine the best

method which will result in highest oil recovery.

In the economic side, the secondary and tertiary recovery will cost a lot of
money in order to be implemented. For example the cost to inject gas specifically
nitrogen injection in 20 years time will surely cost a lot of money and the expection
from the oil recovery should be high. Since the poor selection of injection strategy,
the field produce less than expected. As for the injection pattern, it should be
optimized because for example in the particular field, 4 spot injection can produce
higher oil recovery compared to 5 spot injection. So, base on this project once can
save money to be spent instead of applying 5 spot injection pattern, 4 spot injection
is more efficient and not too costly.This will surely give loss to the company. So

this project is also crucial to give the best method to increase oil recovery.



Besides that, the study regarding injection fluid types also can solve a few
problem on certain reservoir that is having production problem even after applied
injection. This is because, for particular reservoir characteristic, there are certain
injection fluids type can be applied. It is important to study the injection fluids to

solve the issue.

1.3 OBJECTIVE

The main objective of this project is to get the best injection fluids methods in
order to be applied in particular field, so that the highest recovery can be achieved.
Other than that are to:

s Determine the best injection pattern to be applied in the reservoir based
on the conceptual model.

e Determine the best injection fluid techniques to be applied in the
reservoir based on different injection cases.

e Compare the impact of different oil recovery mechanism towards total oil
production.

¢ Analyze the effect of tertiary recovery specifically water alternating gas

injection towards oil recovery.

1.4 SCOPE OF STUDY

The scope of this project is focused more towards on:

o Secondary oil recovery methadology which includes water injection and gas
injection

¢ Tertiary oil recovery methadology specifically water alternating gas injection.

e Reservoir performance which includes reservoir pressure, gas oil ratio and water
cut besides percentage of oil recovery.

¢ Different types of injection pattern being applied in the industry.

10



1.5THE RELEVANCY OF THE PROJECT

This project is still relevant since the secondary and tertiary recovery is a
famous and well-known technology used by many oil companies in order to
stimulate the production. The main things being discussed in this project is more
towards the suitable injectionpatterns and injection fluids techniques which will

surely affect the reservoir in terms of the recovery factor and pressure support.

If the injection patterns and injection fluids fechniques are not suitable or
not optimized for oil production, the project will be potentially facing lose in profit.
In order to prevent this, it is important to consider the efficiency for each of the

applied methods so that the production can be optimized.

So, this injection strategy project is a relevance topic to be considered since
this secondary and tertiary oil recovery technique being used regularly in oil and

gas company.

L6FEASIBILITY OF THE PROJECT WITHIN THE SCOPE _AND TIME
FRAME

The project is suitable to be implemented within the scope and time frame
where it involves the study on how different injection patterns and injection fluids
techniques will affect the oil recovery. Besides that, this project also involves
simulation of these injection strategy using ECLIPSE and Petrel softwares which
does not takes long time for the project to be simulated. So it is feasible to be

implemented within the scope and time frame.

11



CHAPTER 2
LITERATURE REVIEW

In this part, the theoritical analysis regarding the injection strategy throughout
FYP 1t and FYP 2 is thoroughly discussed to get the better understanding on each

strategy being applied either in conceptual model or even in the real model.

Based on this project, the injection strategy project during ¥YP 1 is more
towards injection pattern and being applied in conceptual model.For FYP 2, the
injection strategy will focus more on the current ail recovery techniques being applied
nowadays such as water injection, gas injection and also water alternating gas injection
where the simulation of these injection strategies being done in Angsi field located at
Malaysia.

12



2.1 PRIMARY, SECONDARY AND TERTIARY RECOVERY

Primary oil recovery describes the production of hydrocarbons underthe naturat
driving mechanisms present in the reservoir without supplementaryhelp from injected
fluids such as gas or water. In most cases, thenatural driving mechanism is a relatively
inefficient process and resultsin a low overali oil recovery. The lack of sufficient natural
drive in mostreservoirs has led to the practice of supplementing the natural
reservoirenergy by introducing some form of artificial drive, the most basicmethod

being appliedare injection of gas or water.

Secondary oil recovery refers to the additional recovery that resultsfrom the
conventional methods of water injection and immiscible gasinjection. Usually, the
selected secondary recovery process follows theprimary recovery but it can also be
conducted concurrently withthe primary recovery. Water injection is the most common
methodof secondary recovery. However, before implementing a secondary
recoveryproject, it should be clearly proven that the natural recovery processes are
proved insufficient or otherwise there is a risk that the investmentfor a secondary

recovery project may be wasted.

Tertiary (enhanced) oil recovery is that additional recovery over andabove what
could be recovered by primary and secondary recovery methods.Various methods of
enhanced oil recovery (EOR) are essentiallydesigned to recover oil, commonly
described as residual oil, left in thereservoir after both primary and secondary recovery
methods have beenapplied. Figure 2shows the effect of the three oil recovery categories

to the field flow rate and overall recovery. (Ref 3)

13
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Figure 2.1: Effect of oil recovery categories to field flow rate and overall recovery

22WATER INJECTION, GAS INJECTION AND WATER ALTERNATING
GAS

2.2.1 Water Injection

Water injection is a process whereby a large amount of water is pumped
through injection well and displace the oil to the producer. Water can be
injected into the aquifer and increase the water drive mechanism to support the
oil production hence increase oil recovery. This process is also called water
flooding. (Ref 5)

2.2.2 Gas Injection

Gas injection is a process of injection to oil reservoir by using gas
supplement into the gas cap of the reservoir. This will inrease the gas cap
drive mechanism of the reservoir which will push the oil to the producer. The
source of gas usually takes from reservoir hydrocarbon gas or Carbon Dioxide
(COz2). There are two cases involved gas injection which are Immiscibie
displacement or miscible displacement. The tendency of gas to fingering
during oil displacement usually cause the gas to mix with oil; and is called

miscible displacement. However, there are certain point below minimum

14



miscibility pressure where the gas will not mix with the oil. This is called

immiscible displacement of oil. (Ref 5)

2.2.3 Water Alternating Gas Injection

Water alternating gas injection is usually done as supplementary to
secondary oil recovery to further increase oil production by displacing attic oil
inside the reservoir. The process is by injecting water at certain rate and
volume for certain period of time, then the injected water is switched gas
injection for certain period of time. Depending on the WAG ratio and WAG

cycle, the process is repeated until the WAG plan for oil recovery is achieved.

(Ref 5)

2.3FACTORS TO BE CONSIDERED IN WATER INJECTION

Based on Thomas, Mahoney, and Winter (1989), in determining the suitibility of
a candidate reservoir for water injection, the following reservoir characteristics must be

considered:

o Reservoir Geometry

¢ Fluid Properties

¢ Reservoir Depth

¢ Lithology and Rock Properties

o Fluid Saturations

e Reservoir uniformity and pay continuity

o Primary reservoir driving mechanisms

15



2.3.1 Reservoir Geometry

The areal geometry of the reservoir will influence the location of
wellsand, if offshore, will influence the Ilocation and number of
platformsrequired. The reservoir’s geometry will essentially dictate the methods
bywhich a reservoir can be produced through water-injection practices.An
analysis of reservoir geometry and past reservoir performance isofien important
when defining the presence and strength of a naturalwater drive and, thus, when
defining the need to supplement the naturalinjection. If a water-drive reservoir is

classified as an active water drive,injection may be unnecessary. (Ref 3)

2.3.2 Fluid Properties

The physical properties of the reservoir fluids have pronounced effectson
the suitability of a given reservoir for further development by waterflooding.The
viscosity of the crude oil is considered the most importantfluid property that
affects the degree of success of a waterflooding project.The oil viscosity has the
important effect of determining the mobilityratio that, in turn, controls the sweep

efficiency. (Ref 6)

2.3.3 Reservoir Depth

Reservoir depth has an important influence on both the technical
andeconomic aspects of a secondary or tertiary recovery project.
Maximuminjection pressure will increase with depth. The costs of lifting oil
fromvery deep wells will limit the maximum economic water—oil ratios thatcan
be tolerated, thereby reducing the ultimate recovery factor andincreasing the
total project operating costs.

On the other hand, a shallowreservoir imposes a restraint on the injection
pressure that can be used,because this must be less than fracture pressure. In

waterflood operations,there is a critical pressure (approximately 1 psi/ft of

16



depth) that, if exceeded,permits the injecting water to expand openings along
fractures or tocreate fractures.

This results in the channeling of the injected water or thebypassing of
large portions of the reservoir matrix. Consequently, an operationalpressure
gradient of 0.75 psi/ft of depth normally is allowed toprovide a sufficient margin
of safety to prevent pressure parting. (Ref 6)

2.3.4 Lithology and Rock Properties

Thomas et al. (1989) pointed out that lithology has a profound influence
on the efficiency of water injection in a particular reservoir. Reservoirlithology
and rock properties that affect flood ability and successare:

* Porosity

* Permeability

* Clay content

* Net thickness

In some complex reservoir systems, only a small portion of the
totalporosity, such as fracture porosity, will have sufficient permeability to
beeffective in water-injection operations. In these cases, a water-
injectionprogram will have only a minor impact on the matrix porosity,
whichmight be crystalline, granular, or vugular in nature.Although evidence
suggests that the clay minerals present in somesands may clog the pores by
swelling and deflocculating when waterfloodingis used, no exact data are

available as to the extent to which thismay occur.(Ref 6)

Tight (low-permeability) reservoirs or reservoirs with thin net
thicknesspossess water-injection problems in terms of the desired
waterinjectionrate or pressure. Note that the water-injection rate and pressureare

roughly related by the following expression:

17
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where pinj = water-injection pressure
iw = water-injection rate
hk = net thickness

k = absolute permeability
The above relationship suggests that to deliver a desired daily

injectionrate of iw in a tight or thin reservoir, the required injection pressure

mightexceed the formation fracture pressure.

2.3.5 Fluid Saturation

In determining the suitability of a reservoir for waterflooding, a highoil
saturation that provides a sufficient supply of recoverable oil is theprimary
criterion for successful flooding operations. Note that higher oilsaturation at the
beginning of flood operations increases the oil mobilitythat, in turn, gives higher

recovery efficiency. (Ref 3)

24FACTORS TO BE CONSIDERED IN INJECTION PATTERN

The areal geometry of the reservoir will influence the location of well, which
will influence the location and number of platformsrequired. The reservoir’s geometry
will essentially determine the methods bywhich a reservoir can be produced through

injection practices.

An analysis of reservoir geometry and past reservoir performance isimportant
when defining the presence and strength of a naturalwater drive and also determine the
need to supplement the naturalinjection. If a water-drive reservoir is classified as an

active water drive,injection may be unnecessary. (Ref 4)
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The physical properties of the reservoir fluids have effectson the suitability of a
given reservoir for further development of injection.The viscosity of the crude oil is
considered the most importantfluid property that affects the degree of success of a
injection project.The oil viscosity has the important effect of determining the

mobilityratio that which will control the sweep efficiency.

In terms of oil saturation, a highoil saturation that provides a sufficient supply of
recoverable oil is theprimary criterion for successful injection operations. This is
because higher oilsaturation at the beginning of injection operations will increase the oil

mobilitythat which will give higher recovery efficiency.

2.5INJECTION PATTERN SELECTION

The regular injection patterns yield areal sweep efficiencies in the high permeability

layers where the proposed injection pattern usually:

e Provide desired oil production rate.

» Provide sufficient injection rate to support oil production rate.

e Maximize oil recovery with minimize water production to lift,handle and
dispose.

¢ Utilize existing weils and thus minimize drilting of new wells.

¢ Be compatible with flooding patterns.

Basically, two different choices of injection patterns are available which are:

¢ Treatment of the reservoir as a whole using a peripheral injection.

This technique utilizes wells along the flanks of a reservoir for injection.
For example, one of the world largest offshore waterfloods is the Umm Shaif
field of Abu Dhabi which has 25 peripheral injection wells. In such a flood,

19



production well can be shut-in at or shortly after water breakthrough, and the oil

recoverable at these well will be recovered at the next row of producers.

The peripheral flood generally yields a maximum oil recovery with
aminimum of produced water.Because of the unusually small number of
injectors compared with thenumber of producers, it takes a long time for the
injected water to fill upthe reservoir gas space. The result is a delay in the field

response to theflood.

For a successful peripheral flood, the formation permeability must
belarge enough to permit the movement of the injected water at thedesired rate
over the distance of several well spacings from injectionwells to the last line of

producers.
Treatment using repeating pattern such as five spot, nine spot, etc.

If a pattern injection is indicated, the engineer must decide the type of
pattern. In the industry, five spots and nine spots are common flooding pattern.

Labaratory studies have shown that both of these pattern yield the same oil

recovery.

20



2.6TYPICAL INJECTION PATTERNS

2 injection Well

= Producing Well

Figure 2.2; Typical Peripheral Injection
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2.7BUCKLEY-LEVERETT THEORY

Other main concern in designing the conceptual model for this project is when to
start injection and the suitable rate of injection. In order to determine these things,
Buckley-Leverett theory is applied. Below is a standard reservoir pressure curve where

the water injection is applied toincrease reservoir pressure.

pT1

Start waterinjection

» T (time]

P U S IO

Figure 2.4: Standard Reservoir Pressure Decline.

Based on the graph shown above, the reservoir pressure starts to decline from
point 1 to point 2. In order to maintain the reservoir pressure, water injection start to be
implemented at point 2 where to increase back the reservoir pressure. There are two

possibilitiesof injection result:

Result 1 (Point 3) — Injecting water at high rate. This will make reservoir pressure to
increaseextremely high without any caution. Possibility of pressure

to be above fracture pressure is high.

Result 2 (Point 4) — Injecting water at stabilised rate. This will make reservoir pressure
toincrease gradually where there are filled up time between point 5
and 6. The pressure has been stabilised at point 4 where below
fracture pressure and at pressure at bubble point pressure (Lowest

viscosity and easy for oil to flow).
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Figure 2.5: Buckley-Leverett frictional flow curve

Graph show how water injection react based on Buckley-Leverett theory:

1) Swe: Start to inject water at initial water connate saturation. Point between Swc and

Swht is called filled up time.

ii) Swbt: Water break through saturation where water phase start to touch oil phase in
the field. At this point water starts to produce.

iti) Swbt, final: Final water break through saturation where watercut, WC = 100% and

fractional flow= 1.
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CHAPTER 3
METHADOLOGY

3.1 RESEARCH METHADOLOGY

The research methodology involve in this project consist of three main phases.

First one is research study, then conducts simulation and lastly evaluates result.

In the research study, things regarding theory and application of different
injection pattern are studied. Besides that, all the data are gathered throughout this

phases which includes the reservoir data, injection data and production data.

After that is conducting simulation where in this phases, the author start to
generate the reservoir model in the simulation software and start to play around with the
different injection pattern andinjection fluid techniquesincluding water injection, gas

injection and water alternating gas injectionin the simulation.

The last phase is evaluating result, In this phase, all results from the simulation
will be compiled and evaluated. It is important to compare the results from different
injection pattern and different injection fluid techniques in order to get the most

efficient one which will result in highest oil recovery.
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3.2 PROJECT ACTIVITIES

Table 3.1: FYP1 & FYP2 Project Activities

No | Activities FYP1 FYP2
1 Selection of FYP Topic /

2 | Research Studies on FYP 1 /

5 | Data Gathering /

6 | Simulation of Conceptual Model /

7 | Completing Simulation and & Data Analysis /

8 | Submission of Interim Report /

{0 | Research Studies on FYP 2 /
11 | Simulation on Angsi Model /
13 | Data Analysis on Simulation Result /
14 | Pre-EDX, Poster Exhibition and Final Report /
16 | Final Oral Presentation /
17 | Final Report delivery to External Examiner /
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3.3 KEY MILESTONE

Table 3.2: FYP 1 Key Milestone

1 Selection of FYP topic W2

2 | Research Study W3-W4

3 | Conducting Simulation W5-W8

4 | Results Evaluation from data W8-Wi2
5 | Interim Report & Oral Presentation | W13-W14

Table 3.3: FYP 2 Key Milestone

Plated M ook

1 Research Study W1-W3
2 | Conducting Simulation W3-W7
3 Results Evaluation from data W7-W9

4 | Pre-EDX, Poster Exhibition &Final | W9-W12

Report Submission

5 Final Oral Presentation W13-W14
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3.4GANTT CHART

Table 3.4: FYP1 Gantt Chart

No.| .

- Detail/ Week .

Selection of Project Topic

Research Work

-10

11

12

BT

14

Submission of Preliminary Report

Submission of Progress Report

Data Gathering

Simulation of Reservoir Model

Seminar 1

Completing Simulation & Data
analysis ‘

Submission of Interim Report Final
Draft

Oral Presentation

Mid-semester break

|
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Table 3.5: FYP2 Gantt Chart

Reéeafch Work

Simulation of Reservoir Model

Submission of Progress Report

Compileting Simulation & Data
janalysis

Result Analysis between Different
Cases

Pre-EDX, Poster Exhibition and

Submission of Final Report

Engineering Design Exhibition (EDX)

Final Oral Presentation

Final Report delivery to Ext. Examiner

Mid-semester break

5T 10T

11

2] 13

14

|

Progress
Key milestone
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3.5SRESERVOIRSIMULATION MODELS

The main tool that been used in order to conduct this project is ECLIPSE
softiware where many of the cases involve the simulation of conceptual model and real

field model throughout different injection fluid methods.

Other software that also involve in this project is Petrel RE where this software
act as viewing toolof reservoir model and also display the result of the project based on
the ECLIPSE data file.

In designing the basecase model and injection model, there are several steps to
be included in order to compare different types of injection patterns and injectionfluid

techniques, which are:

FYP 1 Simulation Modelling

¢ Basecase model
The basecase model is designed for the initial or original conditions of the
reservoir before apply the injection. Based on this model, all the reservoir
parameter like the permeability, porosity, oil saturation is coded in the ECLIPSE
data file. After run the ECLIPSE, the model is further analyzed in the PETREL

software for the detailed simulation result.

e Case 1, Case 2 and Case 3 Model
The process is the same as the basecase model, but there are slightly different in
the coding of the DATA file where for each different injection pattern, there are
certain modification have been made in the SCHEDULE>INJECTION
CONTROL section. Under this section, the location and the number of injection

wells involve for each of the cases is changed for different injection patterns.
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FYP 2 Simulation Modelling

Basecase model

The basecase model is designed for the initial or original conditions of the
reservoir before apply the injection where the reservoir produced naturally
without any drive mechanism. Based on this model, all the reservoir parameters
like the permeability, porosity, oil saturation arecodedin the ECLIPSE data file.
After run the ECLIPSE software, all the important parameters such as oil
initially in place, cumuiative oil, field reservoir pressure, field gas oil ratio and

field watercut are analyzed.

Case 1, Case 2 and Case 3

The process is the same as the basecase model, but there are slightly different in
the coding of the DATA file where for each different injection fluid types, there -
are certain modification have been made in the SCHEDULE>WCONINJE
section. Under this section, the injection fluids for different cases are modified
to water or gas depends on the cases. For case 3 model, there are certain
keywords have been added in the data file like WCYCLE and WELOPEN in
order to allow certain well to apply Water Alternating Gas (WAGQG) injection for
certain period of time with specific WAG ratio and WAG Cycle.
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CHAPTER 4
RESULTS & DISCUSSION

FYP 1 RESULTS AND DISCUSSIONS

4.1 BASECASE OF CONCEPTUAL MODEL

The well being produced for 5 e s e
years (30/03/10 - 20/09/15) i !
am =2 w3 20 ms 5
Symbollegend
—Pressure —Oil production cumidative
~— Qi production rate
e T Details as on 20 Sept. 2015:
e e s - 1) The reservoir pressure
LHFBLONM AROEW  FIENER 51257 000 declining from 4500psi to
ARENVNI DOETED A s
DNGNUMMMID AT 105608 pre X 2021.39psi
ANTI00MNE MK  ABERT TURLIR f 2) Oil production decline to
060 RN 20 A0 TR
2122400000000 mm QOMET TR T 0.0005 STB/d
DELMRNEE AN OMIT3 pre
0140126 000008000 201 WENS Q00BN pre el v
DUBBMBEAM W1 BES (WD
DSTURMRIE 2
;52

Figure 4.1: Basecase of Conceptual Model

Based on the result shown, the reservoir pressure is declined from 4500 psi to

2021.39 psi. The oil production at the end of 5 years timeline is nearly no production
with the rate of 0.0005 STB/d and the cumulative oil is 0.27 MMbbl. There are still

much oil not being swept from the reservoir and this can be optimized by using different

injection pattern from Case 1, Case 2, and Case 3.
4.2CASE 1 INJECTION
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In this case, water injection well is placed at one corner of the reservoir where
the injection is at the top layer. Figure below shows how the model looks like based on
the PETREL simulation.

Field CASE_1

4000000

0008

4000 8000
T o000
fisd] amnssaiq

LiquidProductionVolume [STB

0

0

LiquidFlowrate [STB/d]

Symbol legend

— Qil production cumulative
— Pressure
— 0il production rate

Details as on 20 Sept. 2015:

1) Shows significance increase in reservoir
pressure from 4500psi to 8556.78psi
2) Oil production decline to 501.03STB/d
3) Cumulative Oil is 4.12 MMbbl

TREDER

...,.Fi

1 0090508

éure 4.2: Case 1 Injection

Based on the result shown above, the reservoir pressure has increased from
4500psi to 8556psi. the oil production rate at the end of 5 years timeline is 501.03STB/d
and the cumulative oil is 4.12MMbbl. From case | injection, it shows that there is more

oil recovery produced compared to the basecase model.
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4.3CASE 2 INJECTION

In this case, the injection is also at the corner of the reservoir and the production
well is at the other corner of the reservoir. This can allow the water to sweep the oil to
the other corner of the reservoir and produced through the production well. The
injection well is penetrated at the bottom layer of the reservoir and the producer at the

top layer. Figure below shows the process of water injection.

Mac 30, 2010 Sept 20, 2015

Nov 20, 2011 Julv 12. 2013

Figure 4.3: Case 2 Injection

The result of the injection is as shown below:
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Figure 4.4: Case 2 graph

Table 4.1: Case 2 result

Pressure Unit psi Oil production rate Unit STB/d | Oil production cumiative Unit: STB
450000048828 | 0.00000000 0.00000000

235656835938 | 9991 80468750 9391 80468750

448941503306 999011425781  |30476.94335938 |
228807666016 | 9950.16992188 91932 70312500

423201562500 | 9990.01464844 196118 07812500 =
4328 34814453 | 9986 97460838 322630 53125000 -
432201464844 | 9964 28613281 ~ |518019.15625000 .
422980859375 | 985965820313 786317 43750000

414152392578 | 942614160156 11159959 25000000 _4
214527929688 | 8685 32519531 1512750 37500000

420850390625 | 7924 45458984 1834635 50000000 —
220680712891 | 6286.13476563 2436648 00000000 )
470886962897 | 480003320313 2936963 50000000 e
515957470703 | 3657 86547852 3302750 25000000

£73357128906 | 2819.66845703 3584717.00000000

7205236425781 | 1691 59997559 2523037.00000000 ——
832022656250 | 107166113281 4137368 25000000 -
B41163671875 | B45.45481201 4306468.00000000

|8423 35449219 | 70032244873 2225532 50000000 ]
842806250000 | 592 56597900 4565026, 00000000 Fy
843151367188 | 508.62774658 4666771.50000000

843434277344 | 441 40652466 | 4755052 50000000 ol

From the table above, the reservoir pressure has increased to 8434psi at the end
of 5 year timeline. The oil rate produced at 441STB/d and the cumulative oil shows
slightly increase which is 4.75SMMbbl. It shows that the oil recovery is higher in this
case compared to the Case | injection.

4.4CASE 3 INJECTION
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This case involved 4 water injection wells at each corner of the reservoir and
one production well at the middle. This model is also called five-spot model and
regularly used in common injection pattern. Below is the location of injection and

production wells as after filtering zone 1 and 2.

Zone filter

The sequence of water injection process is as shown in the figure below.

Mac 30, 2010

Sept 20, 2015

Nov 20, 2011 July 12, 2013

Figure 4.5: Case 3 Injection Flow
Below is graph and table of result from the case 3 injection.
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-
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— Pressure
== Qil production rate
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Figure 4.6: Case 3 graph

Table 4.2: Case 3 result

450000048828 | 0.00000000 0.00000000

454007324219 | 236496264648 2364 96264648 e——
465043896484 | 2435 54931641 967161035156

491510595703 | 2598.32568359 o 33056.53906250

5392.75097656 | 2852.87011719 110084 02906250

5836 65429688 3042 27880859 266137.28125000 .
6087 46044922  |3101.05053711 434687 37500000

6326.84960938 3118 82519531 604203.56250000

6679.30664063 302688354492 906891.87500000

694305508203 | 283265161133 1190157.00000000

723780371084 | 2350.73168%45 1660303.37500000

7444 51367188 191449890137 2043203 25000000

7529.21923828 1607.72949219 2364749 00000000 ]
7517 55517578 142167773428 2649084, 75000000

7467.23779297 127362780762 _ 2903810.25000000

7409.36279257 1138 43824824 3131457 00000000

735273779297 1013 83404541 3334264.00000000 —
7300 55419922 900 40869141 3514345 75000000

Based on the result above, it shows that the oil recovery is only about
3.51MMbbl compared to case 2 and case 1 injection.
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4.5 COMPARISON CASE 1, CASE 2, AND CASE 3

By analyzing the results from Case 1, Case 2, and Case 3, a table of comparison
of each case can be generated based on oil recovery or cumulative oil at the end of 5

years time line.

Table 4.3: Oil recovery comparison

Cum. Oil (MMbbl) 027

From the result shown in the table above, Case 2 injection is the most effective
injection pattern since the oil recovery at the end of the field production is the highest
compared to case 1 and case 3. By analyzing how the water sweep the oil in case 2, the
location of injection well is considered the best because the water can sweep the oil
from the bottom of the reservoir to the top thus allowing much more oil to be produced
from the reservoir. Eventhough case 3 injection which is five spot injection consist of
more injection well, but since the reservoir is not too suitable to be applied the current
five spot injection, so it will result in lower oil recovery compared to case 1 and case 2

injection pattern.

FYP 2 RESULTS AND DISCUSSIONS
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4.6BASECASE OF ANGSI MODEL

This model is run for twenty six years timeline and producing naturally without
any drive mechanism. Picture below shows the simulation of Angsi field after twenty

six years of field production.

0 0 L4 L] LE bl

Figure 4.7: Reservoir simulation of basecase model after 26 years timeline

After twenty six year period of production, the result of reservoir production as

well as reservoir performance is shown in graph below:
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Figure4.8: Cumulative oil (FOPT)and field reservoir pressure (FPR) for
basecase of Angsi Field
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The total cumulative oil produced at the end of twenty six years time of field
production is 40.47 MMbbl of oil which consist of 17.50% oil recovery compared to
total oil initially in place. The reservoir pressure also depleted significantly from 2370

psi to 345 psi.
—ENTT s TV NEACEND —=——TIOR s THE NERTLERH
0.000300 8
7
6
.omzoo o5
- s
; g,
Q
Sa000n - oy T T T 0'205‘3"‘050'0050'505016000'
o mmiwkm 6000 = 8000 TME DAYS

Figure4.9: Field Water Cut (FWCT) and Gas Oil Ratio (FGOR) for basecase of
Angsi field

The water cut produced from the field is less which about nearly zero. The gas

oil ratio produced is about 7567 scf/stb which is still considered less value for gas field
production total.
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4.7CASE 1 INJECTION

In this case, secondary oil recovery which is water injection is applied for eleven
wells. From eleven wells, four of it will permanently inject water from the start of the
field production until the end of twenty six years period while the others came from
producer well that been converted to injector well due to economic limit. Figure below

shows the reservoir model after twenty six year of water injection.

Floviz 2004A

B-04 B-15
)
1 B{02 BB 0By

i
)
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QilSat

Figure 4.10: Reservoir Simulation of Case 1Model after 26 years timeline
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Below are the result of reservoir cumulative oil as well as reservoir production

including reservoir pressure, field watercut and field gas oil ratio.
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Figure 4.11: Cumulative oil (FOPT) and field reservoir pressure (FPR) for Case 1

The total cumulative oil produced at the end of twenty six years time of field
production is 130.74 MMbbl of oil which comprise of 56.56% oil recovery compared to
total oil initially in place. The reservoir pressure depleted significantly from 2370 psi to
2161 psi and increase back to 2341 psi to the end of field life due to pressure support

from water injection.
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Figure 4.12: Field Water Cut (FWCT) and Gas Oil Ratio (FGOR) for Casel

The average gas oil ratio produced from the field is about 800 scf/bbl and is
lesser compared to the basecase model of Angsi field. On the other hand, the field
watercut increase significantly to almost 90% since the water injected has reached the
production well through the end of field production.
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4.8CASE 2 INJECTION

For this case, the injection fluid is changed to gas injection where the gas used is
carbon dioxide, CO2 gas.The reason of using CO2 injection is because it is cheaper and
does not give much problem to the tubing and pipeline. Figure below shows the figure

of Angsi field after twenty six years gas injection process.

FloViz 2004A

OilSat

Figure 4.13: Reservoir Simulation of Case 2 Model after 26 years timeline
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Figure4.14: Field reservoir pressure and field oil production total of Case 2

The field oil production total at the end of twenty six years of production by
using gas injection is 99.48 MMbbl and the reservoir pressure depleted significantly
from 2370 psi to 261.153 psi. This shows that the gas injection is not a suitable injection

fluid since it fails to increase or maintain the reservoir pressure throughout the field life.
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:
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Figure 4.15: Field water cut and field gas oil ratio of Case 2

Based on the graph shown above, the water cut production is very low which is
nearly zero. However the field gas oil ratio is quite high which can reach up to 18 000

scf/bbl.
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4.9CASE 3 INJECTION

Case 3 injection involves water alternating gas (WAG) strategy where there are

many factors to be considered including:

i.  Number of wells to be conducted WAG injection.
ii.  WAG ratio between water and gas injection volume.
iii. WAG cycle.

For the first factor which is the number of wells to be conducted WAG injection,
there are four well candidates to be conducted WAG injection. In the Angsi field, the
wells are B-22A, B-06, B-08 and B-17. All of the wells are good candidates since the
well previously operating under fully water injection from the start until the end of field
life. Below shows the location of the wells based on the Eclipse model.

Figure 4.16: Angsi field map overview



All of the four wells are selected to conduct WAG injection. However, one of
the wells which is B-17 located nearly to production wells as can be seen in the map
above (B-09, B-05, B-03 and B-10). This can affect the performance of the production
wells since the injection might increase the volume of watercut and gas oil ratio inside
the well.

Based on the reason above, only three wells are selected to further the simulation

studies for WAG injection. Two cases were generated which consist of:

i) Three of the wells are chosen to conduct WAG injection.
ii) Only two are selected to conduct WAG injection (B-08 and B-

22A) and the other one is maintained for water injection pressure
support (B-06).

Below shows the result of the simulation studies for these two cases.
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Figure 4.17: Cumulative Oil at the end of field production
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Figure 4.18: Field Reservoir Pressure at the end of field production
Based on the result above, a table can be generated comparing these two cases.

Table 4.4: Comparison between 2 and 3 WAG injection

FOPT (STB) 1.32E+08 1.33F+08
RF (%) 57.12 57.57
FPR (psia) 2334 2337

Results shown that 3 WAG injection wells improved the recovery factor for
about 0.4% compare to 2 WAG injection wells. This is because 3 wells that been
conducted WAG injection increase the sweep efficiency in order to push oil inside the
reservoir to the production wells. Eventhough the field reservoir pressure shows that
there is not much difference, but as shown in the graph above, the reservoir pressure
starts to maintain faster in 3 WAG injections compare to 2 WAG injections. This can
increase the field life and affect the cumulative oil at the end of production.
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For the second factor which is WAG ratio, two cases were generated which

consist of’

i) Gas Volume Sensitivity
Water volume remains constant and gas volume is changed based on
different WAG ratio. Five simulation cases consist of different WAG ratio were
generated and the cumulative oil, reservoir pressure as well as oil recovery are
compared. The WAG cycle is remained default for each case which is 6 month

where 3 months water injection and another 3 months gas injection.

Table 4.5: Gas Volume sensitivity with different water injection (WI) and gas

injection (GI) rate.
P WAG ratio Wirate |Glrate
Water Gas STB/d Mscf/d
1 1 1
1 0.
3 1 2 | 1 1181
1 15
1 1

Below shows the resuit of graph and table of comparison related to the
different cases depends on the cumulative oil, field reservoir pressure, as well as

oil recovery.

Legend:
Case 1 (1:1)
Case 2 (1:0.5)
Case 3 (1:1.5)
Case 4 (1:2)
Case 5 (1:3)
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Figure 4.19: Field Oil Production Total for different WAG cases
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Figure 4.20: Field Reservoir Pressure for different WAG cases
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Table below shows the comparison between cases |1 until case 5 WAG

ratio with percentage recovery factor with respect to total oil in place.

Table 4.6: Percentage oil recovery for different WAG ratio

WAG ratio FOPT RF (%)
Case {Water Gas
N 1 o5f 112, 48.
3 1 1.5 1169281 505
4 1 2]  117.832) 5098
5 1 3 usie| 511

Based on the resuit shown above, WAG ratio of 1:1 from case 1 shows the
highest oil recovery which is 53.78% with respect to oil initially in place
compare to the other cases. From the graph of field reservoir pressure, case 1

shows the most stable or maintained reservoir pressure depletion.

Water Volume Sensitivity

Based on most efficient Gas Volume ratio from gas volume sensitivity
case, water volume ratio is changed based on different WAG ratio by making
gas volume as constant variable. From previous gas sensitivity case, WAG ratio
of 1:1 is the most efficient ratio for gas injection volume. So, another 5 cases
were generated and the cumulative oil, reservoir pressure as well as oil recovery
is compared. The WAG cycle is remained default for each case which is 6

month where 3 months water injection and another 3 months gas injection.

Table 4.7: Water Volume sensitivity with different water injection (WI) and gas
injection (GI) rate.

WAG ratio Gl rate
Case Water Gas Mscf/d
1 1 1
2 0.5 1
3 1.5 1
A’Ii ‘ 2 1
5 3| 1|
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Below shows the result of graph and table comparison related to the

different cases depends on the cumulative oil, field reservoir pressure, as well as

oil recovery.
Legends:
Case 1 (1:1)
Case 2 (0.5:1)
Case 3 (1.5:1)
Case 4 (2:1)
Case 5 (3:1)
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Figure 4.21: Field Oil Production Total for different WAG cases
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Figure 4.22: Field Reservoir Pressure for different WAG cases

Table below shows the comparison between cases 1 until case 5 WAG
ratio with percentage recovery factor with respect to total oil in place.

Table 4.8: Percentage oil recovery for different WAG ratio

e WAG ratio FOPT RF
Water Gas (MMSTB) (%)
1 1 1 1243 53.7
2] 0. 1 108. 46.
¥ 1 130. 56.
q 1 133. 57.5
5 1] 130. 56.

Based on the result shown above, WAG ratio of 2:1 from case 4 shows the
highest oil recovery which is 57.57% with respect to oil initially in place
compare to the other cases. From the graph of field reservoir pressure, case 1

shows the most stable or maintained reservoir pressure depletion.
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Increase in water volume shows significant increase in oil recovery due to
increasing in water injection pressure. The most effective WAG ratio occurred
when the water injection volume is twice to the gas injection volume. However,
when increase the water injection volume to triple as much as gas injection
volume, the total field oil production start to decrease since the water injected
start to sweep inside the production well and cause the oil production to deplete.

The third factor, which is WAG cycle also should be considered in the Water
Alternating Gas strategy. Three simulation cases have been done which comprises of
different WAG cycle. First case is 6 months cycle, then 1 year cycle and lastly 2 year
cycle. Below is the graph and table of comparison between these three cases of WAG

cycle.

Legend:
Case 1 (6 months)
Case 2 (1 year)
Case 3 (2 years)
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Figure 4.23: Field Oil Production Total of different WAG cycle cases.
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Figure 4.24: Field Reservoir Pressure of different WAG cycle cases

Based on the result shown, a table of comparison between different cases of
WAG cycle can be generated as below.

Table 4.9: Percentage oil recovery for different WAG cycle cases

As shown in the graph and table above, case 1| WAG cycle is the best WAG
cycle since the total oil production at the end of field life is the highest compare to the
other two cases. The increment of WAG cycle to 1 year period did not affect much to
the oil recovery since the volume of water and gas injected to the field is the same as 6
months WAG cycle period. However, the third case shows slightly decrease in oil
recovery with the increment of WAG cycle to 2 years period. This is because the field
not affected much with water alternating gas operation since the period is too long and

not reliable.
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4.10ANALYSIS COMPARISON OF BASECASE, CASE 1, CASE 2& CASE 3

By analyzing the results from basecase, case 1, case 2,and case 3, a table of
comparison for each case is generated based on field oil recovery or cumulative oil,
field reservoir pressure, field watercut as well as field gas oil ratio at the end of twenty

six years time line.

Table 4.10: Comparison between basecase, case 1, case 2 and case 3.

Cum. Oil MMbbl) 4047 13074 9948  133.06

Oil Recovery (%) 17.50 5656 4304  57.57
Reservoir Pressure (psi) 345 2341 261 2337
Water Cut (Fraction) 0.0 0.9 0.0 0.9
Gas Oil Ratio (scf/bbl) 7567 800 18000 10693

Based on table 4, the highest cumulative oil is from Case 3 injection which is
water alternating gas case. The oil recovery is about 57.57% of total oil initially in place
of Angsi field which is the highest compared to the other cases. Case 3 injection also
proved successful in maintaining reservoir pressure depletion from 2340 psi from initial
reservoir pressure of 2337 psi. The watercut is quite high for Case 3 which is about 0.9
at the end of field life compared to the other cases and the total gas oil ratio is not too

high which about 10 693 scf/bbl.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1CONCLUSIONS

It is important to determine which injection pattern and injection
fluidtechniqueswill result in highest oil recovery in order to maximize the profit gain for
certain company. Based on the cases generated from different injection strategies, there

are many possibilities that can be happen.

Sometimes, the application of certain regular injection pattern like 5-spot pattern
is not reliable and less efficient compared to the other cases generated. Through the
conceptual model, it is proved that the regular injection from one corner of the reservoir
at the bottom to another corner located at the upper reservoir is more efficient than 5

spot injection.

In the other case, the application of secondary recovery specifically water
injection is enough to increase oil recovery. However there is still much oil left inside
the reservoirwhich is trapped called residual oil that can further be produced by
application of tertiary recovery like water alternating gas injection. This can be proved
which the implementation of water alternating gas that managed to further increase oil

recovery by 1% compared to water injection.
The understanding of different injection strategy is important in order to further

optimize production of certain field.This includes injection pattern, injection fluids type

and application of further recovery technique like water alternating gas injection.
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6.2 RECOMMENDATIONS

Based on the results and discussions obtained from the above injection strategy

project, there are several plans can be done to further improve the project for future

works recoveries which are;

@

(i)

(i)

(iv)

(vi)

(vii)

(viii)

Apply other kinds of tertiary recovery including polymer injection, thermal
injection and effects of using surfactant towards oil recovery.

Compare the effects of peripheral injection pattern and the others regular
injection patterns like 4 spot, 5 spot and 7 spot injection in the real field
model.

Consider different types of well geometry including horizontal, vertical and
deviation well to the production and injection well.

Further define the conceptual model of injection pattern strategies for
different reservoir characteristics.

Apply the same injection strategies to the other fields around Malaysia to
further increase the relevancy of the acquired conclusions.

Further improve the accuracy of the injection pattern modeling by increase
the number of grid cell at least 5 x 5 x 5 cells.

Consider the transmissibility of conceptual model in x, y and z direction to
determine the suitable location of injection and production wells.

Visually present the results in terms of other suitable graphical

representation such as bar chatt, pie chart and graph.
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