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Abstract

The research was conducted on stratified reservoir in Heglig main field, the
primary objective was to maintain the reservoir pressure hence increasing the recovery
of oil in addition to select the optimum flood pattern, favorable mobility ratio and water

injection rate as well as to prolong the reservoir production life as much as possible.

Many scenarios have been done by using CMG simulator with changing the

injection rate, flood pattern and mobility ratio in each scenario.

The results showed that the highest economic recovery was obtained from the normal
five spot and the best injection rate was 5000 m*/day and also an increase in mobility

ratio enhances the recovery of oil.

It could be summarized that this study which is run on four productive zones in
Heglig main field included all the objectives that it was conducted according to, and it

might be applicable whenever it’s realized that the results were economic.
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Chapter One Introduction
1.1 General Introduction

Water flooding is a form of oil recovery where in the energy producing well is
supplied from the surface by means of water injection and the induced pressure from
the presence of additional water.

The design of a water flood involves both technical and economic
considerations. Economic analysis is based on estimates of water flood performance.
These estimates may be rough or sophisticated depending on the requirements of a
particular project and the philosophy of the operator. This chapter presents method of
estimating water flood performance for economic analysis. It's organized in order of
increasing complexity beginning with first-pass estimates with simple method and
ending with an introduction to the capability of reservoir simulators to evaluate water

flood designs.

Water flooding is the most widely used fluid injection process in the world
today. It has been recognizedl since 1880 that injecting water into an oil-bearing
formation has the potential to improve oil recovery. However, water flooding did not
experience field wide application until the 1930s when several injection projects were
initiated, 2, 3 and it was not until the early 1950s that the current boom in water
flooding began. Also is responsible for a significant fraction of the oil currently
produced in the world. In fact, in the 21st century, most operators begin to investigate
the feasibility of water injection within a short time following the initial field

discovery.

Many complex and sophisticated enhanced recovery processes have been
developed through the years in an effort to recover the enormous oil reserves left
behind by inefficient primary recovery mechanisms. Many of these processes have the
potential to recover more oil than water flooding in a particular reservoir. However, no
process has been discovered which enjoys the widespread applicability of water
flooding. The Primary reasons why water flooding is the most successful and most
widely used oil recovery process are: general availability of water low cost relative to
other injection fluids ease of injecting water into a formation high efficiency with
which water displaces oil The purpose of these notes is to discuss the
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Chapter One Introduction

Reservoir engineering aspects of water flooding. It is intended that the reader will gain
a better understanding of the Processes by which water displaces oil from a reservoir
and, in particular, will gain the Ability to calculate the expected recovery performance
and to manage the project to maximize oil recovery with a minimum number of
wellbores and injection volumes. While written materials will be limited to the
displacement of oil by water, the displacement processes and computational
techniques presented have application to other oil recovery processes Many of the
water flooding design procedures can be prepared as small computer programs.
Selected computer subprograms are included to help the student write more complex

design programs with a reasonable effort of increasing complexity.

Applying water flooding in multilayer it’s most complex and need deeply known
of formation type and reservoir characterization in this project we did the same
depending on computer simulator (CMG) software which well be full known in

chapter two.
1.2 Problem Statement:

Detailed of individual well performance indicate that water drive is the main
mechanism of grater Heglig field and lately still suffering from pressure depletion led
to low recovery challenging. Due to cross flow as well as heterogeneous layered in
Bentiu-1 with an edge water drive and Bentiu-2, Bentiu-3 are more homogenous have
significant bottom water drive component. By occurring cross flow between 1& 2

where pressure differential is not significant to acting as barrier to flow.

1.3 Objective of the Study:

1. Pressure maintenance by controlling in injection rate.

2. To increase recoverable oil using alternative energy as Water-flooding.

3. To select optimum flood pattern and rate of injection.

4. To distinguish adaptability of water flooding simulating by CMG program..

5. Predictions of reservoir performance with numerical simulation results. In order to
investigate some of the parameters affecting reservoir performance.

6. To extended reservoir life.
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Chapter One Introduction

1.4 Methodology:

Use of water injection to increase production from oil reservoir. Applying mechanism

of oil displacement by water using many types of patterns in partially gas or water

saturated porous medium to pressure support filling the void-age left by produced fluid.

e Certain oil wells are converted to water injection wells.

e Other wells are remaining as producers and adding new infill wells.

e The injected well displaces, or "push" oil to the producing well which primarily
maintain reservoir pressure and drive the oil toward the well.

e Three scenarios of M, injection rate and flood pattern are applying by maintain two
parameters constant & the other changed in each scenario.

e Conducting all above procedure by reservoir simulator CMG

1.5 Thesis Outline:

Chapter two of this thesis comprises literature review, Water flooding background,
CMG programing background, Drive Mechanisms, while chapter three consists of
Building model procedures, chapter four consists of results and discussion, lastly,
chapter five consists of conclusion and recommendation.

1.6 Field background:

Heglig oil field is (Figures 1). Is located in southeast and middle of Block 2B, Muglad
Basin, discovered by Chevron. It consists of 10 fields (Heglig main, Toma, El Bakh, El
Full, Laloba, Kanga, Barki, Hamra, Simbir East and Rihan).A general structure which
follows average distance between fields is about 3 to 5 km. 8 layers are developed i.e.,
Aradeiba main, Aradeiba B, Aradeiba E, Aradeiba F, Bentiu-1, Bentiu-2 and Bentiu-3
and Abu Gabra. First FDP was carried out in 1998. Last FDP was carried out in 2011.
Field development started in June 1999 with development of 29.

In the end of 2012 there are 70 producer and 5 suspended wells divided to Aradeiba
main (4 wells), Bentiu-1 (48 wells ), Bentiu-2 (4 wells), Bentiu-3 ( 14 wells plus 8
commingle ) which the field performance data summarized as well as following. Water
cut (94.24 %) and cumulative oil (126.469 MMBBL).our study is highly fuscous on
only Aradeiba (E & D) and Bentiu ( 1D and 2A).
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Fig. 1 illustrate Structural map of Heglig main oil Field ( SPE-177984-MS)
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Chapter Two Literature Review

Literature Review

2.1 Literature Review:

2.1.1 Technical Papers:
Modification to the Dykstra-Parsons method to predict water-flooding performance of
multi-layered composite reservoirs. The alteration considers the change in reservoir
properties and dimensions both vertically and horizontally. Constant Injection Rate
(CIR) and Constant Injection Pressure drop (CIP) were noticed. It was found that
water-flooding performance in stratified composite linear reservoirs is controlled by
the mobility ratio. Middle East Technical Conference and Exhibition ( Mohammed E

Osman, Djebbar Tiab , 1981 ).

Developed a mathematical correlation for water flooding performance in linear
stratified systems with and without crossflows. The model forecasts the fractional oil
recovery, water cut, total volume injected, and change in injection rate at the water
breakthrough in the successive layers. It was found that crossflow between layers
improves the oil recovery for systems with mobility ratios less than 1 and retards oil

recovery for systems with mobility ratios greater than 1 Society of Petroleum

Engineers Journal.( Noaman El-Khatib, 1985 ).

Presents an analytical solution for oil recovery from a stratified reservoir by Dykstra-
Parsons technique during a polymer flood, which provides concerning the effects of
slug sizes, gelling, and permeability reduction. SPE (Jalel E Mahfoudhi, Robert M
Enick, 1990

Developed a correlation for the prediction of water-flooding performance in layered,
inclined reservoirs. The gravitational effect is shown in the fractional flow formula by
a dimensionless gravity number. This gravity number incorporates the dip angle from
the horizontal and the difference in densities of oil and water. Dimensionless time,
fractional oil recovery, injectivity ratio and water cut at times of water breakthrough
can be estimated by this model in the successive layers. The outcomes were compared

with the performance of reservoirs having dip with crossflow. For
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Chapter Two Literature Review
Favorable and unit mobility ratios, the effect of cross flow between layers was found to

advance fractional oil recovery and vice versa. SPE Journal (Noaman A.F. El-Khatib,

2012).

Near and radial flow modelling of a waterflooded, stratified, non-communicating
reservoir developed with downhole, flow control completions The developed model is
constructed from the combination of classical waterflood displacement equations with a
recently developed analytical model of a flow control completion. The idea is then
extended for light-oil displacement, which replicates piston-like displacement (an
extension of Dykstra-Parsons solution to AWC wells) and medium/heavy-oil
displacement, which replicate non-piston like displacement (an extension of Buckley-
Leverett & Welge solution to AWC wells. Journal of Petroleum Science & Engineering
(Bona Prakasa Khafiz Muradov David Davies, Nov — 2019).

Presents a novel empirical correlation based on a feed-forward neural network to
predict Low-salinity water flooding (LSWF) recovery efficiency in a heterogeneous
reservoir at and beyond water breakthrough, To evaluate the performance of the newly
developed correlation, Finally They figured that the proposed artificial neural network

(ANN) model is limited to a single-stage, low-saline waterfloods for (Ahmed Khan,
Shahnawaz Khan, et al Jan -2021).

Table A — 1 illustriate related literature revieow

Year | Tittle Authors Contribution

This paper presents a number
“Areal Sweepout Behavior | KimblerO.K,Ca | of graphical relationships

in a 9-Spot Injection udle.B.H, used to determine the areal
Pattern” Cooper H.E,Jr. | sweep efficiency in a nine-

spot injection pattern.

“Combination Method for
Predicting Waterflood James This paper highlights the
Performance for 5-Spot A.wasson, effect of the viscosity ratio on
Patterns in Stratified Leo A, Schrider. | the waterflood oil recovery.

Reservoirs”
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Table B — 1 lllustrate literature review

Year

Tittle Authors Contribution

“Low Areal Sweep Pitts,Gerald This paper describes how
Efficiencies in Flooding N,Crawford, reservoir heterogeneity affects
Hetero geneous Rocks. Paul B. areal sweep efficiency.
Waterflooding Mohammed E With a constant CIR & CIP in
Performance And Osman, Djebbar | stratified linear reservoir is
Pressure Analysis Of Tiab controlled by Mobility (M).

Heterogeneous

Reservoirs

The effect of cross flow
on water flooding of

Stratified reservoir.

Noaman El-Khatib

By forecasting of IR of water
at break through found that
cross-flow between layers for
M <1 retards oil recovery for
systems with M >1.

“Prediction of Waterflood
Performance in Stratified

Reservoirs”

Tompang.R
,Petronas
Kelkar B.G,U of
Tulsa

This study analyses the
crossflow between layers in a
reservoir and how it can affect

waterflood performance.

Extension of the
Generalized Dykstra-
Parsons Technique to
Polymer Flooding in
Stratified Porous Media

Jalel.E.Mahfoudhi,
Robert M Enick

Used Dykstra-Parsons
Technigues with a analytical
solution to concerning effect of
slug size, gelling and K

reduction.

“Determination of
Volumetric Sweep
Efficiency in Barrancas

Unit, Barrancas Field”

M.Vicenate,D.
Crosta,L.Eliseche
et al

This paper describes a number
of methods used to determine
the volumetric sweep

efficiency.
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Table C -1: illustrate updated historical review related work done by others which

taken as much helpful background to conduct this study.

Year | Tittle

Authors Contribution

The modification of
Dykastra-Parsons Method
for inclined stratified

reservoirs.

Performance of reservoirs
having dip with cross-flow.
For favorable and unit
Noaman A.F. | mobility ratios, the effect of
El-Khatib cross-flow between layers
was found to advance
fractional oil recovery and

vice versa.

Linear and radial flow
modeling of a water flooded,
stratified,noncommunicating
reservoir developed with
down hole, flow control

completions

Developed model
Bona Prakasa | constructed from

,Khafiz combination of classical

Muradov David | water-flood displacement

Davies equations with a recently

developed analytical model.

Performing in inclined
communicating stratified

reservoirs.

A feed-forward (ANN)

Ahmed Khan | model to predict Low-
Shahnawaz salinity water flooding
Khan,et al (LSWEF) for a 5-spot pattern

Our Contribution According to the above studies

In our study mainly we will focus on
Linear stratified Reservoir of water
flood using Method as same as (
Mohammed E Osman, Djebbar Tiab )
but we will depend on Computer

simulator in our process.

Our prediction of Selecting optimum flow
pattern and injection rate going as much as
Shams Kalam, Rizwan Ahmed Khan,
Shahnawaz Khan, et al study without
considering Low-salinity water flooding
(LSWF) by CMG modeling.
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2.2 Theoretical Background

2.2.1 Introduction:

In general oil recovery process is classified into three main categories, which are

Primary recover ( process where the recovery of oil occurs by the natural energy of
reservoir), Secondary recovery( is the process where the recovery obtains by using
external sources of energy i.e water injection and gas injection) and Tertiary recovery
is a process forextracting oil that has not already been retrieved through

the primary or secondary oil recovery techniques.

Overall recovery
Field Flow Rate

time

Fig-2 illustrate the main oil recovery stages
2.2.2 Primary Drive Mechanism:
The approximate oil recovery range is tabulated below for various driving mechanisms.

Therefore, oil recovery may fall outside these ranges.

Table B — 2: illustrate type of primary drive mechanism

Drive Mechanisms Oil Recovery Range, %

Rock and Liquid expansion 3-7
Solution Gas 5-30

Gas cap 20 - 40
Water Drive (Heglig Mechanism) 35-75
Gravity Drainage <80
Combination Drive 30-60
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2.2.3 Secondary oil recovery:

The second stage of hydrocarbon production during which an external fluid such as
water or gas is injected into the reservoir through injection wells located in rock that
has fluid communication with production wells. The purpose of secondary recovery is
to maintain reservoir pressure and to displace hydrocarbons toward the wellbore. The
most common secondary recovery techniques are gas injection and water-flooding.
Normally, gas is injected into the gas cap and water is injected into the production zone
to sweep oil from the reservoir. A pressure-maintenance program can begin during the
primary recovery stage, but it is a form of enhanced recovery. The secondary recovery

stage reaches its limit when the injected fluid (water or gas) is produced in considerable

Amounts from the production wells and the production is no longer economical. The
successive use of primary recovery and secondary recovery in an oil reservoir produces

about 15% to 40%o of the original oil in place.

2.2.4 Water flooding:

water flooding can result in significant additional incremental oil recovery in many
reservoir situations not all reservoir are prime Water food candidate macroscal features
may control the effectiveness of a water flooding, mobility dominate microscal sweep
efficiency, additional protocol for evaluation has been presented.
2.2.5 Factors to Consider in Water flooding:
Thomas, Mahoney, and winter (1989) pointed out that in determining the suitability
Of a candidate reservoir for water flooding, the following reservoir characteristics
must be considered:

1- Reservoir geometry
The areal geometry of the reservoir will influence the location of wells and, if
offshore, will influence the location and number of platforms require.The reservoir's
geometry will essentially dictate the methods by which a reservoir can be produced
through water-injection.

1- Fluid properties
The physical properties of the reservoir fluids have pronounced effects on the
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Chapter Two Literature Review
Suitability of a given reservoir for further development by water flooding the viscosity

of the crude oil is considered the most important fluid property that affects the degree
of success of a water flooding project.

2- Reservoir depth
Reservoir depth has an important influence on both the technical and economic aspects
of a secondary or tertiary recovery project.Maximum injection pressure will increase
with depth.

3- Lithology and rock properties
Reservoir lithology and rock properties that affect flood ability and success are:
Porosity, Permeability, Clay content, net thickness in some complex reservoir systems,
only a small portion of the total porosity, such as fracture porosity, will have sufficient
permeability to be effective in water-injection operations.

4- Fluid saturations
In determining the suitability of a reservoir for water flooding, a high oil saturation
that provides a sufficient supply of recoverable oil is the primary criterion for
successful flooding operations.Note that higher oil saturation at the beginning of flood
operations increases the oil mobility that, in turn, gives higher recovery efficiency.

5- Reservoir uniformity and pay continuity
Substantial reservoir uniformity is one of the major physical criterions for successful
water flooding.For example, if the formation contains a stratum of limited thickness
with a very high permeability (i.e., thief zone), rapid channeling and bypassing will
develop. Unless this zone can be located and Shut Off, the producing water oil ratios
will soon become too high for the flooding operation to be considered profitable. Main

factor controlling the continuity of the reservoir is the depositional system.

Fig-3 Presence of Sealing Fault Fig-4 Reservoir Continuity
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2.2.6. Factors Controlling Water flood Recovery:-

Oil recovery due to water flooding can be determined at any time in the life of a water
flood project if the following four factors are known:

2.2.6.1 Oil in place at the start of water flooding:-

The oil-in-place at the time of initial water injection is a function of the floodable pore
volume and the oil saturation. Floodable pore volume is highly dependent on the
selection and application of net pay discriminators such as permeability (and porosity)
cutoffs. A successful flood requires that sufficient oil be present to form an oil bank as
water moves through the formation. An accurate prediction of water flood performance
or the interpretation of historical water flood behavior can only be made if a reliable
estimate of oil-in-place at the start of water flooding is available.

2.2.6.2 Areal Sweep Efficiency (EA):

This is the fraction of reservoir area that the water will contact. It depends primarily
upon the relative flow properties of oil and water, the injection production well pattern
used to flood the reservoir, pressure distribution between the injection and production
wells, and directional permeability. Most parameters which affect (EA) such as
formation dip angle and dip azimuth, presence of fractures, mobility ratio, injection
pattern and directional permeability.

2.2.6.3 Vertical Sweep Efficiency:

In a displacement process, the ratio of the cumulative height of the vertical sections of
the pay zone that are contacted by injection fluid to the total vertical pay zone height.
Vertical displacement efficiency (EI) strongly depends on parameters such as mobility
ratio and total volume of fluid injected. Non-uniform permeability may cause an
irregular front that affects the vertical displacement efficiency because the injected fluid
flows faster in high-permeability zones than in low-permeability zones.

2.2.6.4 Displacement Sweep Efficiency:

Represents the fraction of oil which water will displace in that portion of the reservoir

(Voi — Vor)

oo Equ (2.2)

invaded by Eb

Where:
V,i = volume of oil at start of flood

Vor = volume of oil remaining after flood.
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2.2.7 Water-flooding Challenges in Stratified Reservoirs:

When Water-flooding in stratified reservoir, one must consider the same issues that
affect any type of recovery, which can determine the success of oil recovery. The
factors that cannot be changed, the properties of the formation itself, must be worked
around and the water used in flooding modified.
Residual oil saturation:-
Accurate determination of residual oil saturation is very important in evaluating the
feasibility of water-flooding a reservoir. A reservoir with less than 40% oil saturation
following primary depletion may not be the best prospect for water flooding.

e Oil gravity and viscosity:-
Reservoirs with oil gravity more than 25”API, and oil viscosity less than 30 cp, are
good water-flooding prospects. A highly viscous fluid, such as heavy oil, is displaced
less efficiently by injected water which is relatively less viscous.

e Lithology:-
Both sandstone and carbonate reservoirs are likely candidates for improved oil recovery
by water-flooding. However, certain rock heterogeneities, including secondary
porosity, fractures, and conductive channels, are frequently observed in the latter,
leading to poor recovery.

e Compatibility of injected water:-
Injected water needs to be compatible with the reservoir water to minimize formation
damage. Incompatible water may lead to issues related to infectivity.

e Effect of aquifer:-
Reservoirs experiencing strong water influx may not be good candidates for water-
Flooding, as the ongoing natural process of water displacing oil may lead to marginal
added benefits. However, reservoirs with weak water influx have been water-flooded
successfully

e Bottom water zone:
In reservoirs with a bottom water zone, injected water is found to “slump down” from
the upper to the lower zone where good vertical communication exists. This can lead to

Poor water-flood performance in some instances.
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1. Gascap:-

In reservoirs where a gas cap exists, displaced oil may enter pores previously occupied
by gas. This is due to the increased reservoir pressure created by water injection.
Consequently, a portion of oil migrating to the gas zone cannot be produced as dictated
by the residual oil saturation characteristics of the reservoir rock.

2. Injection pressure:-

Reservoirs located at a shallow depth or tight reservoirs may have limitations of
injectivity. Injection pressure is kept below the fracture pressure of the formation to
ensure that rapid pathways are not created for water channeling. In many cases, limited
injection pressure and injection rate translate into less-than-optimum recovery. A low
injection rate leads to a delayed response at the producer, affecting the net present value
of the asset.

2.3 Mobilization of residual oil saturation:-

During the early stages of a water wet reservoir system the brine exists as a
film around the sand grains and the oil fills the remaining pore space. At a time
intermediate during the flood the oil saturation has been decreased and exists partly as a
continuous phase in some pore channels but as discontinuous droplets other channels.
At the end of the flood when the oil has been reduced to the residual oil saturation the
oil exists primarily as a discontinuous phase of droplets or globules that have been
isolated and trapped by the displacing brine. The mobilization of the residual oil
saturation in a water wet system requires that the discontinuous globules be connected
to form a continuous flow channel that leads to a producing well. The mobilization of
oil is governed by the viscous forces (pressure gradients) and the interfacial tension
forces that exist in the sand grain oil-water system.

2.4 Effect of trapped gas saturation on oil recovery during the secondary recovery
process:-

In petroleum reservoirs with dissolved gas drive the pressure decreases due to depletion
and the resulting consequence is liberation of progressively higher quantities of gas
from oil, i.e. production is carried out with increasingly higher gas-oil ratios. If the

method of reservoir pressure maintenance by flooding is applied to such reservoirs,
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The gas present in the pore space has a certain influence on the quantity of oil

remaining in the reservoir after the completion of that process, as well as on the final oil
recovery.

Many professional papers and books in considerable detail describe the physical
characteristics of the water flooding processes with the presence of trapped gas. In
many cases it has been confirmed that the presence of free gas phase during water
flooding leads to lower residual oil saturation than during water flooding with no-gas
presence. It also applies to the natural water drive process, but due to the characteristics
of such drive to maintain the pressure to a lesser or higher degree, it is simultaneously
accompanied by liberation of only small volumes of gas from oil, which may also have

a favorable impact. Additionally, if the average reservoir pressure is higher than the

saturation pressure, gas is liberated only locally and in even smaller quantities.

L i

Trapped Gas

Fig- 5 description of water-flooding processes with the presences of Trapped gas
2.5 Flood Patterns:

Generally, flood patterns are classified into main different categories which are:

Regular, irregular and Peripheral.
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e Regular Injection Patterns

Fields are developed in a very regular pattern. A wide variety of injection-production

well arrangements have been used in injection projects. The most common patterns are

The following:

e Direct line drive. The lines of injection and production are directly opposed to each
other. The pattern is characterized by two parameters: distance between wells of the

same type (a) and distance between lines of injectors and producers (d).

v A 4 v

¥V Injector . . .

. Producer
v v v

Fig -7 Represent direct line drive

e Staggered line drive. The wells are in lines as in the direct line, but the injectors,

producers are no longer directly opposed but laterally displaced by a distance of a/2.

v Injector
@ Producer ) @

Fig -8 Represent staggered line drive
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e Five spot. This is a special case of the staggered line drive in which the distance
between all like wells is constant, i.e., a = 2d. Any four injection wells thus form a

square with a production well at the center.

9 v N /
1) @)

¥ Injector

(&)
@ Producer © O

v v
@

Fig -9 Shows normal 5- spot (2) & inverse 5- spot (1)
e Seven spot. The injection wells are located at the corner of a hexagon with a

production well at its center.

v Injector 1)

o . ‘
® Poduer 5 ’ 2 ’
W

Fig -10 Shows normal 7- spot (2) & inverse 7- spot (1)

e Nine spot. This pattern is similar to that of the five spot but with an extra injection
well drilled at the middle of each side of the square. The pattern essentially contains
eight injectors surrounding one producer. The patterns termed inverted have only
one injection well per pattern. This is the difference between normal and inverted
well arrangements. Note that the four-spot and inverted seven-spot patterns are
identical Regular Injection Patterns Due to the fact that oil leases are divided into

square miles and quarter square miles.
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® O o

¢ o o
@ Producer P .
® o o ® e o

Fig - 11 Shows normal 9- spot (2) , inverse 9- spot (3)& direct line drive (1)

2.6 Reservoir simulation

Reservoir simulation is a developing application technique for reservoir development
and management. It can be used to forecast the production behavior of oil and gas
fields, optimize reservoir development schemes, and evaluate the distribution of
remaining oil through history matching. It is an important tool that facilitates reservoir
engineers as they work to optimize the design of well development schemes, improve
the efficiency of reservoir development, and enhance oil and gas recovery.

2.7 Definitions: Capillary Number:

The capillary number is a dimensionless quantity that relates the viscous forces in a
system to the surface tension forces. It is defined as whenever the forces resulting from
fluid motion are to be compared to the forces resulting from surface tension. This is the
case if a liquid is moved across a second fluid layer, e.g., a gas or an immiscible second
liquid. A good visual example for these effects is droplets suspended in an inert liquid
in droplet microfluidics. The viscous forces of the surrounding inert liquid may deform
the droplets due to, e.g., local increases in pressure due to variations in the flow
conditions. However, the interface tension forces between the two liquids are usually
significantly higher, in which case the droplet may be locally deformed, but not

destroyed.
v vpu viscousforces

Ca = n— = p = - Equ (2)
Y Y surfacetension

Where, Ca: Capillary number dimensionless quantity.
v : Characteristic velocity (ft/s?)

: Dynamic viscosity  (cp)

. Interfacial tension (mN)

: Fluid Density (Ib/ft%)

R=T
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o Wettability:

It’s the tendency of one fluid to spread on solid surface in the presence of other
immiscible fluids.

e Pressure maintenance:

Refer to a pumping into the formation from injector wells either water or gas to
maintain reservoir pressure such that the well will be flowing again.

e Reservoir surveillance

Constant monitoring and surveillance of reservoir performance as a whole is essential
to determine whether the performance is conforming to the management plan.

e Mobility ratio

The mobility ratio of water to oil is one of the most critical factors to influence water
flood efficiency. When mobility is greater than one, it is considered unfavorable as
water is more mobile than oil in the porous medium; injected water tends to bypass oil
and early breakthrough is experienced at the producers. At a mobility ratio of less than
one, water is less mobile than oil leading to better displacement and recovery of oil.

M = R Equ -2

Kro uw
M : Mobility ratio (dimensionless quantity.)
po : Oil viscosity (cp)
pw : Water viscosity ( cp)
Kww : Relative Permeability of water ( md)

Kro : Relative Permeability of oil (md)

e Striated reservoir:
Layered formation having different rock characteristics exhibits a behavior that is very
similar to single layer system unless the transmissibility contrast between the two layers

is quite significant.
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3.1 Introduction:

This chapter mentions all procedures of practical issues which followed to build water
flooding model for main Heglig field in addition to required data tools CMG software
3.2 CMG Software:

Term CMG is an abbreviation to computer modeling group which has begun in 1978
as a small research company based in Calgary, Canada. Quickly became known for its
expertise in heavy oil, and has expanded this knowledge into all aspects of reservoir
flow and advanced processes modeling. Since inception, CMG has been providing the
ultimate customer experience through R&D investment, superior technology, and
unparalleled user support. Today, it is a world-class software technology company with
more than 617 oil and gas clients and consulting firms, in 61 countries, using the
reservoir simulation tools. The team is at the forefront simulating new recovery
methods and developing innovative ways to help in overcome existing technological
barriers and reach to strategic goals.

Furthermore, the leader in enhanced oil recovery simulation, delivers software that
is easier to use and provides the most accurate results for compositional, conventional,
unconventional and advanced IOR/EOR processes. So it consider the industry standard
for usability, physics, robustness and performance.

To achieve the objectives of this study, the below methodology had been followed:

1. A deeply Understanding for Heglig main field properties: (reservoir characteristics,
reservoir types, reservoir pressure & temperature, PVT properties of the crude oil, fluid
properties, rock properties, reservoir parameters).

2. CMG software had been studied.

3. Data collection

4. CMG sector model for Heglig main field data.

5. The model had been built for the Heglig model data

By using Commercial Simulator (CMG) Software to Study Water flooding
performance for stratified Reservoir (Heglig main field) by applying different
scenarios. CMG software is a group of softwares specialized in reservoir simulation
it’s consisting of:

a) Builder
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b) GEM - Compositional and Unconventional Oil and Gas Reservoir Simulator
c) IMEX -Three Phase, Black Oil Reservoir Simulator

d) STARS (Thermal simulator)

e) WINPROP (Model generator)

f) CMOST (Optimization Software)

g) RESULTS - Visualization and Analysis.

The CMG model for heglig main field has built for data in range of 212 different layers,

the water flooding project of ours has applied to three different zones, each zone

compose of multiple layers. These zones are defined as the following:-

1-

2-

Zone - 6: The process done in regions defined as Aradeiba ‘D’ with total layers (64
to 64)

Zone -7 known as Aradeiba ‘E’ consecutively, and are induced from layer 65 up
to layer 74.

Zone - 14 :- This zone is so-called Bentiu 1D, and it ranges from layer 133 until
layer150.

Zone - 17 :- This zone is known as Bentiu 2A, and it ranges from layer no 153 up
to layer no 169 . In approach of doing this job, three different scenarios had done
for evaluating the overall water flooding performance; as well as the optimum
injection rate , pattern and mobility ratio has chosen after applying different flow

rates and recording the result of each rate and making comparison based upon

Wells

He-02 He-34 He-47 He-12 He-37 He-20 He-51 He-61 He-60 He-63 He-25 He-62 He-27 He-57 He-26 He-58 He-66
1020 —

Aradeiba Main OWC 1045TVDSS Aradeiba Main
L T R
Al

1120

1170

1220

1270

Depth, mTVDSS

1320

B I A .

1420

Bentiu 3A -
1470 B ' I 1
Bentiu 3 OWC 1470 TVDSS Bentiu .

Fig- 12 stick diagram of target zone 3-<2 1
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3.3 Methodology:

CMG's builder tool allows the user to build a dataset by following logical series of

creation steps. These steps defined in builder's tree view (Shown below Fig - 13) help

in leading the user to a fully defined data easily and accurately.

Grids can be easily
created & manipulated
in a variety of types,
including Cartesian and
corner point for
fractured and  non-
fractured reservoir,
reservoir properties can
be defined on a grids
through the wuse of
formula, geostatic,
implementation of logs,
Maps file, Isobaths, etc.

Define Fluid models via
builders easy to use PVT
Wizard or import a more
complex fluid model
generated in WINPROP.

A user can easily define
how the simulator will
run in term of time step
sizes, residual checking
& implicitness.

Allows easy
customization of post-
processing variable to
be output.

v" 1/0 Control

v Reservoir

v" Components

v" Rock Fluid

v" Initial Conditions
v" Numerical

v Geo-mechanic

v" Well & Recurrent

Relative
permeability
curves can be
easily generated
with builder’s
Wizards, utilizing

user defined
endpoints &
exponents in

equation, or copy
& paste your own
table directly,
Hysteresis

options, Capillary
pressure Curves,
End-point scaling
[ based on

Allows the user
ability to
initialize the
Model based on
contact Depths,
Saturations &
Capillary
Pressure.
Defining of
multiple
initialization
region is
available.

The user can define different
geotechnical regions and
constitutive models for full-
couple finite element
geotechnical simulation.

Well trajectory and history can be imported and
well constraints can be defined for proper modeling
of what is seen in the field. Advanced options allow
for users to define cycling group and Triggers for
activating well activities throughout a run.

Fig- 13 CMG builder interface
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3.4 Steps of bulding a water flooding model using CMG software:

1- 1/0O Control: This step involves in choose of a proper unit for the model as well
as the validation method (IMEX, GEM or STARS). As in figure ( 14)

Builder - Reservoir Simulator Settings =
Workamng Linds Poncsty Shape Factor
@'G 'E' L | @5'#5 Gabman ared Farer
S‘l“ .H_,._;l 'E__,Jm Wt Reservow Simulator Setings A
() STARS Lak LIALP
- s Ouo B Somintr GEM
{D“"‘: Worang Unts 5]
St mr e () SUBDON
Fractured Yo
Subrdrvssons for Matro Blockos: Dual Porosty Type
Humber of subdinesons . Sb D
Wolume fractons B Pk

(2 walses expected)
Sermulastion Stadt Date
Year | 1901 | Morth:1 | Day: 1

Smuation Stat Date 190101-1.00

Once selected. these sslings cannct be changed

Lo ]| omes

Fig — 14 illustrate 1/O Control

2- Reservoir: This involves the definition of pattern type, pattern area, thickness of

reservoir and etc. As in figure (15) below:

B Builder - [HEG_IMEX-sector-no wells.d i ith Tack M. o [
File Edit View 10 Control Reseny Create grid > Cartesian
.~ | B & o > Orthogonal Corner Point.... S & - s
=
Delete grid Non-orthogonal Comer Point....
Y20 sl > ¢
Convert to Node Based Format Radial (Cylindrical)...
Block F8 v (G Fip Grid in | Direction | e e —— ﬂ
Model Tree View -8 x Flip Grid in J Direction § |
-
+ VO Cortrol Biock Pinchout Thickness Setti
| iyt s Top (m) 1999-01-01 K layer 1
Fix Grid Block overlap...
o .y N e e T — F=eoe
« Components » = Net-to-Gross ratio. 2028000 - 5 _-" — S8t
v Rock-Fud > R Settings.. 87 omn: 2714202
= Convert to / edit fractured reservoir... g
R and grid options flode Unia: o
o MNumencal
units.
o Wells & Recument 4
Add New Custom Property... 4 1,524
%« Gnd Specify Property
5 o Array Properties ¥ Propery.-- 1,47
Rock-Fluid End-Point Property I Calculste Properties... ]
Sectors Delete Properties... E - 1.422
- Aquifers Set Transmissibility Multiplier Across Faults =
o Lassn Placies Delete Fault Defintions o
¢ Rock Compressibility. c e Sk R
Compaction/Dilation Regions || 21 Creste/Edit Sectors. 1.320
Options f Create/Edit Lease Planes..
Flux Sectors & Creste/Edit Aquifers.. 1,208
Rock Compressibility.... 1 1217
Creste/Edit Compaction/Dilation Regions... ]
ca g 166
ostatistics... =]
Rock-Fluid End-Point Properties... = 1118
Create/Edit Flux Sectors...
000 05.00 0 tear 1.08¢
Open RESCUE File... o — aeii
1012
. 5 Run RESCUE Validator... - L J
Advanced RESCUE
For Help, press F1 eiec =

Fig 15 input or edit reservoir data
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3- Component: Include the definition of PVT (Black oil PVT model) and

definition of units (SI). Figure (16)

Methodology & Procedure

Model Tree View * 8 X | HEG IMEX-sector-no wells 2D HEG IMEX-sector: % | Imex PVT Regions X
¥ VO Cortrol '| _, —
A o] & PV Region:1 - Regn 1 v/
- ~RsBowsP
L | -EgwP PVT Table General Undersaturated Data
- Viscosity vs P
) PVT Region2 LD
’ .
s oo | [ 1] T i Em = =
¥ Mmerical *|J| @ PVT Region4 1 Reservor tempersture (TRES) B
¥ Wels & Recurent +|f| & Rocktype ; 2 |oensmes
- Rocktype ] ol ENSITY Ol Stock tank of h 836 26 kp/m3
5 Component Properties Scale Deposit Tables (SCLDPS) ol deraly D = drdly 2 ko
MODEL: BLACKOIL Scale Dorage Tables (SCLOVG) 4 | Gasdensty/gevey DENSIT.. Gas gravty (Ar=1) 07
@ # PVT Region: 1 g 5 Water phase densty (DENSI. §73.376 kgy/m3
¢ PVT Region:2 = L d Co (CO)
@+ PVT Region: 3 E 7 o pressure dependence (CVO) Ocp/kPa
@+ PVT Region: 4 40H (8 |Waterpropedies
3 Fommagion Volume Factor (BIWT) 103048
[} Compresabity W) 469526e 007 1 kP
1 Reference pressure for FVF ( 101.325kPa
2f |2 Viacosty (VWI) e 13%1307ep
13 Pressure dependence of visc OcphPa OcpkPa o
e >
Comments for TRES
1.
b
|: [ oo Heb
For Help, press F1

AN
1

Fig — 16 show Component and other variables.

Rock & Fluid properties:

Requires the definition of rock type and fluid

properties (water saturation, capillary pressure and relative permeability). Show
figure (17).

Y20 A U Plane 10f 212 F
Bock Al @ Gad Top v 19380101 B Rock Types X t
Model Tree View ¥ # X | HEG MEX-sector-no wells 2D HEG_IMEX-sector-m Rock Type | 1 v [ 1
¥/ VO Control »
- PVT Region:1 Rocktype Properies  Relative Pemeabity Tables  Hysteresis Modeling
v Reservor 1001 -
RsBovsP 5
v/ Components » EgvsP ’;‘"”:‘r” Relaive Pemesbity Table  Water O Table v
Viscosity vs P 7 :
pi- PVT Region:2 . Toos » Smocthig method fortable end-ports. | Powe law or quadraic smoothing v
Mmercal y nxm‘ : 2 nchude capkny pressue (anage curve fusng yseress) | 7] Spectied tveshold vaoe for endport detemination: 5e-007
- i g e i putitaon ) [ Use new eption fo re. penm. table end pairt scaing (8end ports va. §)
/ Wels & Recurent 3| || [ Rocktype 1 " do water gas reiatve pemmesbity i tab
krvs Sw = Inchude meducie of saturation due to water blacking i table Measured bausd satrston does not ncuude comnate water saturator
v R«kFqudOpmns Peow vs Sw 2 osof :
@ v Rock Fluid Types kS ¢ Sw_[lw [loow | Pow [ Comment
Seawater Scale Buildup 3Phase o H A I |
L Rocktype 2 e 1 Jo3 0 1 esasem
Scale Deposit Tables (SCLOPS) 5 2 [043% 0002 07816 3038154
Scale Damage Tables (SCLOMG) © 0401 |3 |o453 0005 06668 21381367
= 4 0478 0008 05508 157.8667469
5 0506 0015 035 1178735204 b
6 054 0035 02547 827542109
020 [7 [0s67 001 02046 7296907755
8 059 0065 0157 6174047
9 |0s11 007 01178 S6E3191864
100635 0087 00818 512185288
ook [11]0ss 0m1 00ss2 463075376 -
0.3 1210675 0118 NNMN7 4350097646 1
Reduce vertical extent of Peow cycle for frapped of hysteresss (DAMP-PCOW-TROIL)
o B o 1]
— — | B Cancel fovly Heb
For Help, press F1 Rendering 57664 grid blocks, 272 view blocks, 272 exterior faces.

Fig — 17 represent Rgck & Fluid properties




Chapter Three Methodology & Procedure
5- Initial conditions: Involves determining of reference pressure, reference depth,

gas oil and water oil contacts and etc. As figure (18) shows.

U2 Fresl o e Initial Conditions X

Bodk A v eGdTe ¥ s v I.— PVT Region Parameters Advanced Parameters I
| Model Tree View T B X HEG_IMBX-sector-no wells 2D

¥ 10 Control . (®) Use Propeny Amay. (PE)
G (O Use Depth Dependant Table For Each Region. (PBT)

# Reservor ¥
_‘I_l'_v_lﬁ_l_ﬁ_l_h_l_v_l_'_‘l'

# Components » o0 i Intiakzation For PVT Region #: | Regon 1 w  Copy data from region ...

A PVT Region intisization Parameters:

o Fock-Fud PVT Type 1 has 25296 grid blocks. Region depth range: 10126310 1558 77m

Reference Pressure and Depth Aay Input Format For- “Bubble Pornt Pressure”

= - Pressure (REFPRES) =103421 kPa (O Set Using “Specty Property™ or “Ede Property™ Options.
— r Degth (REFDEPTH): 1223 m (® Reservor ntially saturated (P8 = F)

[ Phase Contact Depths. O Constant Value Aray PE)

#- = Initial Conditions L Water-Od Contact (DWOC): 1223 m

Gas 04 Cortact (DGOC) {1000 m

¥ Wels & Recusent dl g

Capilary Pressure st Phase Contacts
WaterOll Contact. (WOC_PC) |0 kPa

Gas-Od Cortact. (GOC_PC) |0 kPa
Ovemde Water Saturation Defautts

T T
000°801" 1

(Defauk GOC_SW = Rl Pemmeabity table or SWOON card)
Below water-of contact. (WOC_SW): |
Datum Depth for Pressure:
[ Datum Depth for Output Pressure. (DATUMDEPTH) - Note: This em is cotional. Degth: [1400 m
() Use an input reference densty to caiculate comected datum pressures. (REFDENSITY Densty)  Densty
(O Use the gnd block densty to caluizte comected datum pressures. (REFDENSITY GRIDBLOCK)
@ Use Intial Equlibrum pressure alcu d (NITIAL

.y.ln: m2d B I 0K !:s Aooly Help

T T T T T
000 4014

For Help, press F1

Fig — 18 Initial conditions layout
6- Numerical: Involves time step adjustments plus a lot of numerical equations. As

shown in figure (19).

‘hv’- > & x | HEG_IMEX-sector-now # ' Numerical o X
# 1O Control »
= N 15950101 (Mumencal) ~ =3
~ ol s '_-nlx,;' T [ Keyword Descipon | Defont Ve IMVM Set A Time |
e e Mzdmum Scaled Residual - Polymer Equation (MAXR... | 0.0005
r Macmum Scaled Residual - Lightod Equation (MAXR 01
+ Inital Condiions . Mzamum Scaled Residual - Other Equation (MAXRE 01
Average of All (Phase or Component) Equations (TOT... |0.001
Wel Equation (WELLRES) 0.001
| Linear Solver Keywords
#-# Numerical Controls i Linear Solver Precision (PRECC) 0.0001
I Linear Solver Ordesng (SORDER) REDBLACK h
= Linear Solver Factornizaton (SDEGREE) |1 N
- Linear Solver Prvot Sabiization (PVOT) OFF N
L § Linear Solver Rerations (ITERMAX) |40
- Linear Solver Orthogonakzations (NORTH) :30
Linear Solver Tolerance (RELTOL) 01
r Parallel Processing Keywords. |
i Target number of domains (JACDOMS) 2
- Comments for
| B
Ty
- 781,000 782 000 783,000 :I
1 1 I 1
For Help, press F1
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7- Well & Recurrent: This involves definition of wells well constraints, dates,

perforations and their events. Show figure (20) below.

Model Tree View ¥ * X | HEG_IMEX-sector-no wells.2D
¢ 10 Control >
v = 8 Well Completion Data (PERF) X
JdUIFT T ' e S LR ¥EG_IMET-sester]
¥ Companents Viel & Date ~| | » WUECTORMOBWEGHT .o
iU R
»  Rock-Fuid L General Perforations Rel Peem Options 1:18910
# Inal Condtions “Hir Add peds weh the mouse ::.‘m
S Lt Pedorated gnd blocks & Usevaectory per rtervais S =
=y | 8 |thod(Mthu Connectto |Fomfactor FF | Status | Ref. Layer | Wi jnd'm) - 1.524
v o 1 315684 Suface V1 Open Y@ 8129108 |
w Groups (0) L * 2 [31565 1 1 Open YO WA 1,473
v Wells (3) L - 3 (31567 2 i Open YO A
- Welk-1 - 4 |31568 3 AL Open YO 298754 1422
4 ‘”:“’"mz'w LB 5 3157 4 \F Open VO 25153
. 5::'2 vents () r § 3157 5 i Opn YO 0116 B wh
3 1999-01-01 PERF L < I ' [ > 1320
# B & Events (2)
2 Well-3 1200
4t 1999-01-01 PERF F 1217
5 B3 Events ) - B | Resawe |ox Cancel Posly | Heb :
- Well-4 = E 1,185
2 1999-01-01 PERF —E 5
+ B J Events 2) r - 1,15
o Wel-S I .
1L 1999-01-01 PERF o Lo et 1,084
% @ J Events 2) I A 000 029 0% 07 100k
4+ Dates (343) v 0 1,013
- oy r 781,000 Te2 500 783000 j
< I | | . [ b [ 1
X=T760573 Y=1108053 Rendering 57664 grid blocks, 272 view blocks, 272 exterior faces.

Figure (20) well perforation process or selecting injection interval

8- This step to adapt the prediction period hence to be ready to run as coming in
the following figure.

m = 8 X | HEG_IMEX-sectc ¥ Simulation Dates o x|

140 Oooiie) 2 *  -nokeyword data exists on this date (€ can be deleted)
v Reservor d
..... £ | Date & Time day) [set STOP  Comments A Addanewdate =
¥ Components L = |327 | © 20250501 (5740.00) 0O
o Fackothed ] |8 28| ¢ 20251001 (577000 O Addamngecidates: | T
o IE 29 | * 20251101 (3801.00) O
¢ ke oo L 30 | ¢ 20251201 983100 =) rodgaplaandl
¥ MNumencal - | [331 | * 2060101 (386200 O
- (- 332 | * 20260201 (389300 D
T -
ouce (0 r 334 | ¢ 20260401 (3995200 0 Delete of gty dates X
3w Wells (5) PR 335 * 20260501 (938200
#- < Dates (343) | & 3%6 | ¢ 20260601 (1001300)
« Triggers (0) | B 337 | * 20260701 (10043.00) O To kmt output file size. ket gid
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< Spatial Property Modification 339 * 20260301 (10105.00) O Do not kmt gad outpust
340 * 20261001 (1013500) [ Dwmkm
3 M1 |+ 20267101 (10166.00) ONIFEING Bt Ot s
342
i u3
5 ;
[ I
L 21,00
1
X=760993 Y=1109153

Figure (21) the setting of prediction date

Qo%‘



Chapter Three

Methodology & Procedure

3.5 Raw HE field Data used ( only for scope of study)

Table A- 2 illustrate fluid properties data

W
M Krw Kro (cp)(calculated | Sw
Pcow (Kpa) | Assumed (md) (md) po (cp) (%)
0.43
303.834534 0.1| 0.002| 0.7816 | 4.75505 1.858274 6
213.348136 0.45
7 1| 0.005| 0.6668 | 4.70699 0.6277242 3
157.866746 0.47
9 10| 0.008 | 0.5508 | 4.65808 0.3207088 8
117.873920 0.50
4 25| 0.015| 0.3945| 4.60864 0.4848289 6
Array Properties
Table A- 3 contain array properties
| direction J direction K direction
1 1 1
Table A — 4 all target zones
Properties Zone - 6. zone — 7. zone - 14 zone - 17
Region 1012.69 — 1216.76 — 1296.6 — 1439.21 -
depth 1598.77 m 1598.77 m 1598.77 m 1598.77 m
WOC 1223 m 1302 m 1443 m 1500 m
P 10342.1 kpa 12410.6 kpa 13789.5 kpa 17236.9 kpa
Depth 1223 m 1302 m 1443 m 1500 m
General PVT Data :
Table A —5 Basic HE reservoir properties
Structural Heglig Main
Reservoir Benti-1/2/3 Aredieba
Top depth (m) 1630/1720/1860 1430
Porosity 0.24/0.21/0.22 0.22
Permeability md 50 -6000 2500

Oil density = 886.26 kg/m®

Water density = 973.376 kg/m3

Water viscosity = 0.361307 cp

Reservoir Temperature =83 C

S.G =0.7

QP9

Dy
av) ‘.-'.
3 §
9 i
{27
L 2

Rock compressibility = 2.61068 x 10 1/kpa

Cw = 4.9526 E007 1/kpa
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3.6 Implemented Scenarios:

Three scenarios are implemented in many in 20 cases for 43 layers as following:

Scenario — 1 (4 cases)

Has taken constant Mobility ratio (0.1) and injection rate ( 5000 m®d) by maintain

changing in flood pattern ( Normal and inverse 5-spot, 7-spot and peripheral) Where

the forecast is done without any other activities added.

Case — 1 Normal 5-spot.

% | HEG IMEX-sector-na welk 30 | HEG IVE-secor-no welsget

Mode Tree Veem ¥ 9% | HEG_IMEX-sector-no welk. 2D | HEG MEX-sector-no welkplot / 10 Cotel
v 10Coeal g God Top fm) 19980101
God Top (m) 19980101 K layer. 160 ¥ Resaver
/Pt w0 e
=y e = - o] '
¥ Comporarts T T R Y e T Y R B
v Reck
il Condters.
it Condters ‘
] 3 “““““f““ v el
i e8!
s ‘-““““““‘“““““ | g g =
5 o\ N g 1 190101 PR %
: “"“‘“““‘“‘“ o e « B3 bosd) il
- ue PATOA o wa &
5 ““ 8 s 1 19980101 PERF
2 “ B3 bend) i
“‘n L un oo W3 .
B 19 L 19990101 peRs a0
8L bob
129 o Wt 1269
£ 1990101 PERS
b © B3 bes) ad
o Weks
1188 2 1990101 PERE o
e # 0L bl .
4 < Dates (343)
1084 o Triggers () 1084
e Lt (OpenvShut)
bt  Spatil Propety Moddication 1
7 Time:Line View of Recurrent Deta *
q |2017 |2018 |2019 |2020 |2021 |2022 (2023 |2024 |2025 |2026 |2027
] 1 I 1 1 1 Lol 1 ‘ 1 1 1 1 1 1 1 Lol ] Lial 1 Ll 1 ‘ 1 Lial | 1 Lial I 1 1 1 l . .J. 1
| £ 10 controls STOP
| 1
J E Numerical 1
J i® Grid ]
| =] Dates 00000 0000 00000 00000 4
] Wells (5)
| 1 o Welkl 4 1
2 2 Well2 : 2
3 o well3 | ’
40 Welkd 4
5 & Wells : 5
& & & Well constraints definbon Production mode
© Events —— Injection of water
* Perforations Injection of gas, soNent or cycling
mmemmmmmmeeme Auto-diill mode

Fig — 23 Case - 1 timeline
Case — 2 Inverse 5-spot ( with same timeline of case -1)

HEG IMEX smctor-sn welh 2D | HEG MEX-sectie-no wilh plot

cax

Gad Top (m) 19990101 K layer: 15

= B X | VG M st no me 30 WG M s el ot
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Case — 3 Inverse 7-spot (2 infill wells added to previous case hence there are 6
producer& 1 injection)

ModelTree View ¥ 3% [ G M sector-na webs 2D | HEG MEXsector-no el plet |
/ oG .
7 Rewes

Model T Vem ¥ 9 X | WG IMEX-sector-no welh 30 | HEG_MEX-secto-no welh et

Gad Top (m) 20220101 K layer. 161 5 Grid Top (m) 020101

oot B SR 70100 7 TR 8 9220 TR T 7 R 08 P20 TR R0 L6 0 0
/ RosAsd

o
o ks
S e ks =
& 220091 ¥ i
)

= SprulPropert Modfestion

]
] I
3110 790 03,09 752100 2.0 0200 7216 840 2.0 323330 L0 PG00 00300 A

Fig — 25 shows layout of case -3

7 Time-Line View of Recurrent Data 8

- [2017 [2018 |2019 [2020 (2011 [202 [2023 [2024 [2025 [2028
| 1 1 1 ‘ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 J 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 1 1

2 VO controls
Z Numerical
# ona

) Dates 0000 OO0 0000 0000
Wells (7)
. Welkl

1
2 e w2 :
3 e Weld 1
4. el d
2 J
I
J l
7

& Welks
. Welkg J i
. Wel7 :

*® e Wel definition
© Ewents
# Perforations

Injection ofwater
Injection of gas, sovent or cycling
me=eseseeee=- Auto-diill mode

Fig — 26 Case - 3 timeline
Case — 4 Peripheral pattern : with a total of 9 wells ( 2wells added in 2022, 2 wells

in2023) which all were operated until the year 2027 maintained 7 wells injectors and
two producers to form a peripheral like shape.

Mo en v 9| G Wit w20 G MO ro g 78X HGIMERscoro w0 G WEN e e kit
Lk ! A ‘ Gnd Top (m) 0230101
—_— Tog (m)
" i Top (m) 2230101 Klayer: 160 7 4
L, - T e WM
¥/ Corpermts |lE ¥ Comporerts ) sl o
/ sl | |[E / Rkl ) gy
L3
/e Crcirs Y ¢ e Condters
7 Noetcd il 7/ N )
e} |
¥/ Viels b Recuret H N
3 Ged  TobiogTobls ) 14
4/ hyProgets ) e
Z:ww»«om,u i Yo o
Py t o Wb i
i oo Wk
/ LesePanes g
/ Rock Cmmpresity " S 3 |
CompuctionDisben fegens || § &8 Wed
& Options ¥ o s )
FlaSecters a0 Webé
o Webk? 1%
: o ekt
g 3 M0 o6 han
i + B3 bew )
o e Kt
1 200 P i
+ Bl ben)
i Do 30 e
v Toggen )
o VWell List OpenSht) 1o
 Spatial Preperty Modficatien

Fig — 27 shows layout of case — 4
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87 Time-Line View of Recurrent Data =] x

#  Recurrent hems

3 1O controls

# ond
&) Dates
Wells (9)
1 # Welk
[ 2 & wanz

L
T Numerical I
I
A

3 & Welkd

4 & Welk4
5 o Welks
6 & Welk6

7 e Welk7
8 & Wwelg
9 & welg

po
© ©® - o o .

# & & Well constraints definition

Production mode

Events Injection of water

& Peraratinne

Fig — 28 Case - 4 timeline
Scenario — 2 (8 cases)

In this scenario Has taken constant Mobility ratio (0.1) and flood pattern by maintain
changing in injection rate ( 2000 & 7000 m*/d) Where the timeline and other figures
are same as mentioned in scenario — 1.

Scenario — 3 (8 cases)

Consisting from 8 cases which considered constant flood pattern and injection rate and

taken changed in mobility ratio by calculated desired viscosity of injected water

( All above scenarios Results will be discussed carefully in next chapter ).
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Chapter Four Results & Discussion

4.1 Introduction:
This chapter consist of whole results and it discussion .

Scenario-1:

This scenario is done at constant injection rate (5000 m®/day) and it includes four
different cases, case-1(normal five spot), case-2 (inverse five spot),case-3 (inverse
seven spot) and case-4(peripheral of nine wells).

Case -1 Normal five spot:

|
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Fig — 29 shows reservoir’s liquid SIC1  Fig—30 shows cum-oil produce S1C1
Case - 2 Inverse 5 - spot
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Fig — 31 shows reservoir’s liquid S1C2 Fig— 32 shows cum-oil produce S1C2
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Case — 3 Inverse seven spot:
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Fig — 33 shows reservoir’s liquid S1C3

Fig — 34 shows cum-oil produce S1C3

Case — 4 Peripheral Pattern(nine wells
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Scenario -2 :

Case -1 Normal five spot at rate of 2000 m*/day
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Fig — 37 shows reservoir’s liquid S2C1 Fig — 38 shows cum-oil produce S2C1
Case - 2 Normal 5- spot at injection rate of 7000 m®/day
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Fig — 39 shows reservoir’s liquid S2C2 Fig — 40 shows cum-oil produce S2C2
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Scenario -2 :

Case - 3 Inverse five spot at rate of 2000 m®/day
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Fig — 41 shows reservoir’s liquid S2C3  Fig — 42 shows cum-oil produce S2C3
Case - 4 Inverse seven spot at rate of 7000 m*/day
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Fig —43 shows reservoir’s liquid S2C4 Fig —44 shows cum-oil produce S2C4
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Case -5 Inverse seven spot at injection rate of 2000 m®/day
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Fig — 45 shows reservoir’s liquid S2C5 Fig — 46 shows cum-oil produce S2C5

Case - 6 Inverse five spot with rate of 7000 m*/day
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Scenario -2

Case -7 Peripheral pattern at rate of 2000 m®/day
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Fig — 49 shows reservoir’s liquid S2C7 Fig —50 shows cum-oil produce S2C7
Case - 8 Peripheral pattern at rate of 7000 m*/day

¥ i
Siral 167 heg_ime.seco 0 e By BRI Dl il RO e st s 6
B e 167 o e L1
B 01 Saunton 3167 beg 0% Bl | s
@ Wl St 167} I ¢ i ] Bk -
B X Tme ' H : : 81 M i1

81V e 3187 ! ' ] ' i b ' | | ;
81 nOssmnyip|| O : ; ; " TNk 3 | :
B0 led : ; | : : s

BA falte JPELELEE L ol R : :
Y - -, O ¥ R CIS TR 8 | |
'\ - . H : ] :
M . H H H H
P ) ! | !
215000 \ al 4 } et
: { Jue |

[
- : 1] N, :
i |
N ] ! ! H !
~ \ H H |
i N : ; 0% |
ot : Tl =] l ]
\5—--"—— U e f
T l T l T I 1 2
00 05 amn a1 2 s 2
Time Dut) j
L 1 1 ! T T 1
— raggrt § 151 m i m 05 bl s
—— O e 167
’ " e Stten § 167 i
E ] " ; ]
o ek, press 1 eading WaterSitaton o s o wekt §167

Fig— 51 shows reservoir’s liquid S2C8 Fig—52 shows cum-oil produce S2C8
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Case - 1 Normal five spot with mobility ratio =1
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Fig — 53 shows reservoir’s liquid S3C1 Fig—54 shows cum-oil produce S3C1
Case — 2 Normal 5- spot with Mobility ratio (M=1)

Fig —55 shows reservoir’s liquid S3C2
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Case -3 Inverse seven spot with (M=1):

< )

Frbp e

P —

_ T e i vt e, o
Lo i ]

I 1 1 1 l‘ |
Mmoo om om0 o mow
Tt
w— it 115

- e 115
- e St 11119 |
—-——————

]
S 111,158 beg_imex.seckor 20 wels
B Fu 116 b ¢
B0 1SN | i
8 W St 1115
@ Tee
81 Y hwan 11118 200
8] 20/ S0amon 1115
Bm "
BA M 0 : : :
ML TR E L TR AL L, W
o ) " H
o |1
i ;
& h
i!w‘
4
100
\ : )

eading Watr Sttt ofbmes frwek 111150

]
Gy MR
gl
8 (o L 0
B Tre
81 MOl
B e
BA R

e vl

Defa ik PRO heg_mes sector40 el

=

i

C_E_.._.cm

g Cumdatie 015 ol vk D Feld 40

Fig — 57 shows reservoir’s liquid S3C3 Fig— 58 shows cum-oil produce S3C3

Case - 4 Peripheral pattern with ( M= 1)
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Fig — 59 shows reservoir’s liquid S3C4

Fig — 60 shows cum-oil produce S3C4
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Scenario - 3

Case -5 Normal five spot with mobility ratio of (M=10).
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Fig — 61 shows reservoir’s liquid S3C5 Fig—62 shows cum-oil produce S3C5
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Fig —63 shows reservoir’s liquid S3C6

Fig — 64 shows cum-oil produce S3C6
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Case -7 Inverse seven spot with mobility ratio of (M=10):
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Fig — 65 shows reservoir’s liquid S3C7 Fig—66 shows cum-oil produce S3C7
Case - 8 Peripheral with (M =10)
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Chapter Four

Results & Discussion

4.2 Summarized Results in tables

Table A - 6 Results of scenario one:

Injection Mobility | Cumulative
Scenariono | Case Flood pattern rate(m>/day) ratio oil produced
No. (m)
1 Normal five spot 5000 0.1 5.344 x 10°
2 5000 0.1 ;
1 3 Inverse seven 5000 0.1 2.282 x 10
spot
4 Peripheral 5000 0.1 5.352 x 10°
pattern (9 wells)
Table A —7 Results of scenario Two:
Scenario no Case Flood Injection Mobility Cumulative
No. pattern rate ratio oil produced
(m°/day) (m°)
1 Normal five 2000 0.1 4,815 x 10°
spot 7000 5.368 x 10°
2 Inverse five 2000 0.1 2.203 x 10°
2 spot 7000 2.286 x10°
3 0.1
7000 1.032 x 10
4 Peripheral 2000 0.1 4.814 x 10°
(9 wells) 7000 5.438 x 10°
Table A — 8 Results of scenario Three:
Scenario no Case Flood Injection Mobility Cumulative
No. pattern rate Ratio oil produced
(m°/day) (m°)
3 1 Normal five 5000 1 5.318 x 10°
spot 10 5.349 x 10°
2 5000
10 2.306 x 10
3 Inverse 5000 1 2.218 x 10°
seven spot 10 2.299 x 10°
4 Peripheral (9 5000 1 5.365 x 10°
wells) 10 5.390 x 10°
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4.3Discussion of Results

Scenario one:

According to table A-6 above for scenario one, we noticed that the highest cumulative
oil production is that obtained from case-4 and case-1, but from the economic point of
view we selected the case-1 as the proper case in this scenario due to in spite of that it
gives a bit less value in cumulative oil production than in case-4, but the less number of
injection & production wells are needed to obtain this amount of oil produced.

Scenario two:
From the results shown in table A-7 above for scenario two above we realized that the
optimum injection rate which gives a higher cumulative oil production is 7000

m”6/day which hits the maximum value in case-4 of this scenario.
Scenario three:

With the reference to table A-8 of final scenario, we noticed that the favorable mobility
ratio that achieves higher cumulative oil production is equal to 10 where definitely
found at case-4.

Generally, by discussing the all scenarios we found that normal five spot is a favorable
flood pattern, whereas the inverse five spot and inverse seven spot are invalid to
application for heglig main field specifically in the four zones(6,7,14,17) where this
study take plac
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5.1Conclusion

1. The study of heglig main field for zone-6, zone-7, zone-14 and zone-17 is
completely done by using CMG simulator with a real field data.

2. The research is fulfilled the pre-determined objectives by which it has
conducted, accordingly we can figure out that the optimum flood pattern is
normal five spot and the best injection rate is 5000 m”3/day as well as the
favorable mobility ratio is equal to 10 i.e. (M=10).

5.2 Recommendations

1.  We recommend doing an economic evaluation analysis of the project to know

the economic feasibility of conducting it before implementation.

2. On the other hand, we hopefully recommend that if the other flood patterns that

we did not include in this study could be tried.

3. It will be good if new simulation models are generated for stratified reservoirs.

4. Due to high bottom water drive of heglig main field, water flooding project

could be implemented until the year 2024for the selected zones of the study,

afterwards another recovery method will be required.
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