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Abstract

Thermal methods are the most commonly used and most advanced enhanced oil
recovery methods around the world. They are best suited for heavy oils (10°-20°) API,
and tar sands (<10 API). One of the thermal EOR method is the steam flooding,
which is a pattern drive similar to water flooding; in which the steam is injected
continuously with a certain quality (i.e. 80% steam and 20% water) to the reservoir
having shallow depth which is preferred. It forms a steam zone which advanced
slowly in the reservoir heating the oil and reducing its viscosity. In addition to
continuous steam injection, oil is pushed toward the producer.

FNE field is a Sudanese heavy (high viscous) oil field, which need Steam
Flooding (SF) to be implemented in the field after the current Cyclic Steam
Stimulation (CSS) in the same field and getting low recovery factor (only 3.60%).
FNE field consist of three structure units in oil-bearing area: (FNE-1, FNE-3 and
FNE-N).

In this report, detail analysis for the current situation of FNE field has been
done, then selection of the pilot area in the field (FNE-3), and several simulation
models for different development scenarios have been built, each scenario with
different steam injection parameters, all this to compare the feasibility of applying
steam flooding versus applying the other scenarios like DNC, CSS, Infill wells (cold)
and infill wells (css), and to determine the optimum steam flooding parameters to be
applied in FNE-3, all this is done by using the thermal simulator of Computer
Modeling Group (CMG) software.

From the results obtained after the designing and future forecasting till 2026, it
has been found that implementation of (SF) after the current (CSS) in FNE-3 will give
high productivity (4.9 MM bbl) as compared with CSS which give only (3.575 MM
bbl), and the recovery factor by (SF) will reach up to 20.41% comparing with the
current value for the field, which is only 3.60%. Also the optimum steam flooding
parameters have been determined as follows: injection rate of 250 m3/day and

temperature of 200 (°C) and steam quality equal 80%.
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Introduction



Chapter 1: Introduction

1.1 General Introduction

The term "enhanced oil recovery" refers to any method used to recover more oil
from a reservoir than would not be obtained by primary recovery. Since the early
1950's, a significant amount of laboratory research and field testing has been
undertaken, and some of the resulting findings have been developed on a commercial
scale. (Teknica, 2001).

EOR is characterized by injection of special fluids such as: chemicals, miscible
gases and /or the injection of thermal energy. (Ronald .E, 2001).

EOR Refers to any method used to recover more oil from a reservoir than would
not be obtained by primary recovery. (Teknica, 2001).

EOR refers to the recovery of oil through the injection of fluids and energy not
normally present in the reservoir.(Green & Willhite, 1998).

1.2 Development Sequence

The terms primary oil recovery, secondary oil recovery, and tertiary (enhanced)
oil recovery are traditionally used to describe hydrocarbons recovered according to

the method of production or the time at which they are obtained.(Ronald, 2001).
1.2.1 Primary Oil Recovery:

Describes the production of hydrocarbons under the natural driving mechanisms
present in the reservoir without supplementary help from injected fluids such as gas or
water. In most cases, the natural driving mechanism is a relatively inefficient process
and results in a low overall oil recovery. The lack of sufficient natural drive in most
reservoirs has led to the practice of supplementing the natural reservoir energy by
introducing some form of artificial drive, the most basic method being the injection of

gas or water. (Ronald, 2001).
1.2.2 Secondary Oil Recovery:

Refers to the additional recovery those results from the conventional methods of
water injection and immiscible gas injection. Usually, the selected secondary recovery
process follows the primary recovery but it can also be conducted concurrently with

the primary recovery. However, before undertaking a secondary recovery project, it

-2-



should be clearly proven that the natural recovery processes are insufficient;
otherwise there is a risk that the substantial capital investment required for a
secondary recovery project may be wasted. Gas-water combination floods, known as
water alternating gas injection (WAG), where slugs of water and gas are injected
sequentially. Simultaneous injection of water and gas (SWAG) is also practiced,
however the most common fluid injected is water because of its availability, low cost,
and high specific gravity which facilitates injection. (Ronald ,2001).

1.2.2.1 Water Injection:

In water injection operation, the injected water is discharged in the aquifer
through several injection wells surrounding the production well. The injected water
creates a bottom water drive on the oil zone pushing the oil upwards. The water
injection is generally carried out when solution gas drive is present or water drive is
weak. Therefore for better economy the water injection is carried out when the
reservoir pressure is higher than the saturation pressure.
1.2.2.2 Gas Injection:

It is the oldest of the fluid injection processes. This idea of using a gas for the
purpose of maintaining reservoir pressure and restoring oil well productivity was
suggested as early as 1864 just a few years after the Drake well was drilled. The first
gas injection projects were designed to increase the immediate productivity and were
more related to pressure maintenance rather to enhanced recovery. Gas may offer
economic advantages. Gas injection may be either a miscible or an immiscible

displacement process. (Ronald ,2001).
1.2.3 Tertiary (Enhanced) Oil Recovery:

Is that additional recovery over and above what could be recovered by primary
and secondary recovery methods. Various methods of enhanced oil recovery (EOR)
are essentially designed to recover oil, commonly described as residual oil, left in the
reservoir after both primary and secondary recovery methods have been exploited to

their respective economic limits. Tarik (2010).
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Figure 1-1: Oil Recovery Categories. (Tarik,2010)

During tertiary oil recovery, fluids different than just conventional water and
immiscible gas are injected into the formation to effectively boost oil production.

Thus EOR can be implemented as a tertiary process if it follows a water
flooding or an immiscible gas injection, or it may be a secondary process if it follows
primary recovery directly. Nevertheless, many EOR recovery applications are
implemented after water flooding. (Romero-Zerdn, 2011).

At this point is important to establish the difference between EOR and
Improved Oil Recovery (IOR) to avoid misunderstandings. The term Improved Oil
Recovery (IOR) techniques refers to the application of any EOR operation or any
other advanced oil-recovery technique that is implemented during any type of
ongoing oil recovery process. Examples of IOR applications are any conformance
improvement technique that is applied during primary, secondary, or tertiary oil

recovery operations. Other examples of IOR applications are: hydraulic fracturing,



scale-inhibition treatments, acid-stimulation procedures, infill drilling, and the use of
horizontal wells. (S.Thomas,2008).
When to start EOR?
A common procedure for determining the optimum time to start EOR process
after water flooding depends on:
e Anticipated oil recovery
e Fluid production rates
e monetary investment
e Costs of water treatment and pumping equipment
e Costs of maintenance and operation of the water installation facilities
e Costs of drilling new injection wells or converting existing production wells
into injectors.
The injected fluids must accomplish several objectives (Green & Willhite, 1998).
asfollows:-
1- Boost the natural energy in the reservoir
2- Interact with the reservoir rock/oil system to create conditions favorable for
residual oil recovery that include among others
e Reduction of the interfacial tension between the displacing fluid and
oil
e Increase the capillary number
e Reduce capillary forces
e Increase the drive water viscosity
e Provide mobility-control
e Oil swelling
e Oil viscosity reduction
e Alteration of the reservoir rock wettability
The ultimate goal of EOR processes is to increase the overall oil displacement
efficiency, which is a function of microscopic and macroscopic displacement
efficiency. Microscopic efficiency refers to the displacement or mobilization of oil at
the pore scale and measures the effectiveness of the displacing fluid in moving the oil
at those places in the rock where the displacing fluid contacts the oil (Green&

Willhite, 1998). For instance, microscopic efficiency can be increased by reducing



capillary forces or interfacial tension between the displacing fluid and oil or by

decreasing the oil viscosity. (Satter et al 2008).
1.3 Enhanced Oil Recovery Classification:

Enhanced oil recovery processes include all methods that use external sources of
energy and/or materials to recover oil that cannot be produced economically by
conventional means.

EOR processes can be classified broadly as:

= Thermal methods: steam stimulation, steam flooding, hot water drive, and in-situ
combustion.

= Chemical methods: polymer, surfactant, caustic (Alkaline), and Alkaline
Surfactant Polymer ASP.

= Miscible methods: hydrocarbon gas, CO2, and nitrogen. In addition, flue gas and
partial miscible/immiscible gas flood may be also considered. (Tarik 2010)

EOR methods are presented in figure below:-

Primary
Recovery
| I |
: v Antificial Lift g
Natural Flow » §
Secondary Pump Gas Lift Other 2
Recovery =
............................... Qo
g
| | .g
- Y Pressure Maintenance 2
aterfiood c
i Wat Dry Hydrocarbon 3
Tortiary ® Gas Injecton
............................... »{ Recovery
| -
[ I [ |
Gas
Thermal Miscible/ Chemical Other =
Immiscible =
38
Combustion Hydrocarbon Alkaline Microbial c §
Steam Soak/Cydlic/  CO, Polymer £8
Huff and Puff Nitrogen Micellar/Polymer w
Steam Drive/Flood Flue Gas Foam
Hot Water Drive
Electromagnetic ==

Figure 1-2: EOR Recovery Mechanisms.(From OGJ 1992).



1.3.1 Thermal EOR (TEOR)

Thermal enhanced oil recovery (TEOR) is a family of tertiary processes defined
as "any process in which heat is introduced intentionally into a subsurface
accumulation of organic compounds for the purpose of recovering fuels through well”
(Prats,1982).

Thermal methods of EOR entail the application of heat to the oil well. Thermal
methods have been tested since 1950’s, and they are the most advanced among EOR
methods, as far as field experience and technology are concerned. They are best suited
for heavy oils (10-20° API) and tar sands (<1-0° API). This acts to lower the viscosity
of the oil and thus increase the mobility ratio. These methods are typically employed
in relatively shallow oil wells with higher viscosity such as tar sands and heavy oil.
Thermal methods of EOR have been highly successful in the US, Canada, Venezuela
and Indonesia, and have also been used in China and Brazil. Within the US, Thermal
methods account for around 40% of EOR production.

(Prats ,1982).

Thermal EOR (TEOR) consist of a lot methods such as:Steam Flooding (SD),
Cyclic Steam Stimulation (CSS), and Steam Assisted Gravity Drainage (SAGD).In-
situ Combustion (ISC), Solar EOR, Electro EOR (EEOR). Heated Annulus Steam
Drive (HASD), Steam & Solvent Processes.(S. Thomas ,2008).

1.3.1.1 Cyclic Steam Stimulation (CSS)

Cyclic steam stimulation is a “single well” process, and consists of three stages,
as shown in figure 1-3. In the initial stage, steam injection is continued for about a
month. The well is then shut in for a few days for heat distribution, denoted by soak.
Following that, the well is put on production.

Oil rate increases quickly to a high rate, and stays at that Level for a short time,
and declines over several months. Cycles are repeated when the oil rate becomes
uneconomic. Steam-oil ratio is initially 1-2 or lower, and it increases as the number of
cycles increase. Near-well bore geology is important in CSS for heat distribution as
well as capture of the mobilized oil. CSS is particularly attractive because it has quick
payout, however, recovery factors are low (10-40% OOIP). In a variation, CSS is
applied under fracture pressure. The process becomes more complex as

communication develops among wells. (S.Thomas ,2008).
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Figure 1-3: Hlustrate the CSS Process. (S.Thomas 2008).
1.3.1.2 Steam Assisted Gravity Drainage (SAGD)

SAGD process relies on the gravity segregation of steam, utilizing a pair of
parallel horizontal wells, Placed 5 m apart (in the case of tar sands) in the same
vertical Plane. The schematic is shown in figure 1-4. The top well is the steam
injector, and the bottom well serves as the producer. Steam rises to the top of the
formation, forming a steam Chamber. High reduction in viscosity mobilizes the
bitumen, which drains down by gravity and is captured by the producer Placed near
the bottom of the reservoir. Continuous injection of steam causes the steam chamber
to expand and spread laterally in the reservoir. High vertical permeability is crucial
for the success of SAGD. The process performs better with Bitumen and oils with low

mobility. (S.Thomas, 2008).
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Figure 1-4:1llustrate SAGD Process. (S.Thomas ,2008).
1.3.1.3 In-situ Combustion (ISC)

In this method, also known as fire flooding air or oxygen is injected to
burn a portion (~10%) of the in-place oil to generate heat. Very high temperatures, in
the range of 450-600°C, are gene-rated in a narrow zone. High reduction in oil
viscosity occurs near the combustion zone. The process has high thermal efficiency,
since there is relatively small heat loss to the overburden or under burden, and no
surface or well bore heat loss. In some cases, additives such as water or a gas is used

along with air, mainly to enhance heat recover. See figure 1-5: (S.Thomas 2008).



Production Well ] i

. Injecled Arr and Waler Zone (Burned Out) 5. Condensing or Hot Water Zone
. Air and Vaporized Water Zone (50° - 200°F Above intial Temperature)
. Buming Front and Combustion Zone (600° - 1200°F) 6 Oil Bank {Mear Initial Temperature)

. Steam or Vaporizing Zone (Approx. 400°F) 7. Cold Combustion Gases

Rl =

Figure 1-5:1lustrate 1SC Process.(Green &Willhite ,1998).
1.3.1.4 Solar EOR

Solar thermal enhanced oil recovery (abbreviated solar EOR) is a form of
thermal enhanced oil recovery (EOR), a technique applied by oil producers to extract
more oil from maturing oil fields. Solar EOR uses solar thermal arrays to concentrate
the sun’s energy to heat water and generate steam. The steam is injected into an oil
reservoir to reduce the viscosity, or thin, heavy crude thus facilitating its flow to the
surface. Thermal recovery processes, also known as steam injection, have
traditionally burned natural gas to produce steam. Solar EOR is proving to be a viable
alternative to gas-fired steam production for the oil industry. Solar EOR can generate
the same quality steam as natural gas, reaching temperatures up to 750°F (400°C) and

2,500 PSI. (Van Heel et al ,2010)
1.3.1.5 Electro EOR (EEOR)

Electro-Petroleum, Inc. (EPI) has successfully demonstrated use of DC electrical
current for enhanced oil recovery (a process we now call "Electro-Enhanced Oil
Recovery or EEOR) at heavy oil fields in the Santa Maria (California) Basin and the
Eastern Alberta Plains. They have also conducted large-scale (1 cu-m sample size)
laboratory studies to evaluate unexpected results from these field demonstrations.

(Donald ,2008).
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The EEOR process is based on the concept that by passing an electrical current
through a conductive passing an electrical current through a conductive oil bearing
formation, resistive heating of the-oil will occur with corresponding reduction in oil

viscosity. (Killough &Gonzalez ,1986).
1.3.1.6 Heated Annulus Steam Drive (HASD)

Also called Horizontal Alternating Steam Drive. Used to produce from heavy
oil fields by using steam. (Ficocelli et al ,2015).

HASD recovered more oil, though the initial production rate in HASD was low,
(compared with SAGD & CSS by using a three dimensional thermal simulator). Sor
in HASD was, however, very unfavorable (more than twice that of CSS vertical
wells). HASD with offset wells made both SOR and % OOIP recovery more
favorable. SAGD had better Sor than HASD; however, it recovered about half the oil
recovered by HASD at the end of ten years of the study. (Avik et al ,1993).

1.3.1.7 Thermal & Solvent Processes

Expanding-Solvent Steam-Assisted Gravity Drainage (ES-SAGD) and Solvent-
Assisted Cyclic Steam Stimulation (SA-CSS) are in situ steam-solvent recovery
process to produce heavy oil and bitumen reservoirs. In ES-SAGD and SA-CSS,
steam and solvent are injected into the depletion chamber within the reservoir. At the
chamber edge, the steam releases its latent heat heating the oil there and solvent mixes
with mobilized bitumen which then flows under gravity to the lower horizontal
producer. (Sharma ,2010)

1.3.1.8 Steam Flooding

Steam flooding is an increasingly common method of extracting heavy crude
oil. It is considered an enhanced oil recovery (EOR) method and is the main type of
thermal stimulation of oil reservoirs (S.Thomas 2008).

In a steam flood, sometimes known as a steam drive, some wells are used as
steam injection wells and other wells are used for oil production. Two mechanisms
are at work to improve the amount of oil recovered. The first is to heat the oil to
higher temperatures and to thereby decrease its viscosity so that it more easily flows
through the formation toward the producing wells. A second mechanism is the
physical displacement employing in a manner similar to water flooding, in which oil

is meant to be pushed to the production wells. While more steam is needed for this
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method than for the cyclic method, it is typically more effective at recovering a larger

portion of the oil. See figure 1-6 below: (Pwage, 2010).

Scrubber

|
,L E Steam Generator

p— Production Fluids (il Gas and Water) ' oduction
Separation and Storage Facililies ) — et

Figure 1-6: Illustrate Steam Flooding Process. (Green &Willhite ,1998)
1.4 Problem Statement

FNE is heavy oil field. The Cyclic Steam Stimulation (CSS) is currently
implemented in FNE field,but the up to date recovery factor is only 3.60%, so this
field should convert from CSS to steam flooding and need to determine the optimum

injection parameters for the steam flooding process to be applied in FNE field.

1.5 Objectives of the Study

The objectives of this thesisare todetermine the feasibility of applying steam
flooding in FNE field; by comparing between the results of applying Steam flooding
in the field or applying DNC and CSS. Then determine the optimum steam injection
parameters (prepare the design) (i.e. steam quality, injection rate, steam temperature),
to be applied in the field. Thus increase the productivity and the recovery factor of
FNE field.
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1.6 Introduction to the Case Study

FNE Oilfield is geographically located in the southwest of Sudan, about 700 km
from the capital, Khartoum; structurally located in the northeast of Fula sub-basin of

Muglad basin and in the southwest of the Moga Oilfield.

300

250

N
o
o

Oil (MMSTB)
o
o

Figure 1-7: OOIP,EUR,and NP of FNE Oil Field. (Husham et al ,2016)

The above figure shows the OOIP, EUR and the cumulative production (NP) of
FNE oil field.

FNE reservoirs are highly porous (~30%), permeable (1000-2000 mD) and
unconsolidated in nature. the fluid properties include viscous crude with 15 to 17.7
API. Corresponding viscosities are in the range of 250 cp and 500 cp at reservoir
conditions. (Husham et al ,2016).

1.7 Thesis Outlines:

In this thesis Chapter one include the general introduction, problem statement,
objective of the study and introduction to case study. Chapter two is discussing the
literature review and theoretical background of steam flooding, while chapter three is
illustrating the methodology startingby analysis and then designing the optimum
injection parameters using CMG software. Chapter four is contain the results and
discussion of the research and finally chapter five is the conclusion and

recommendations of the study.
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Chapter 2: Theoretical Background and Literature

Review

2.1Theoretical Background

In the background there will be description for the concept and mechanism of
EOR and steam flooding.

2.1.1 Steam flooding mechanism

Steam flooding is a pattern drive, similar to water flooding, and
performance depends highly on pattern size and geology. Steam drive, also
known as steam injection or continuous steam injection, involves generating
steam of about 80% quality on the surface and forcing this steam down the
injection wells and into the reservoir. When the steam enters the reservoir, it
heats up the oil and reduces its viscosity. As the steam flows through the
reservoir, it cools down and condenses. The heat from the steam and hot water
vaporizes lighter hydrocarbons, or turn them into gases. These gases move
ahead of the steam, cool down, and condense back into liquids that dissolve in
the oil. In this way, the gases and steam provide additional gas drive. The hot
water also moves the thinned oil to production wells, where oil and water are
produced (Van Dyke, 1997) cited in (Laura , 2012).
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Figure 2-1 : Steam Flooding (SF) (Jelmert, T .et.all ,2010)
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2.1.2 Flood patterns

One of the first steps in designing a steam flooding project is flood pattern
selection. The objective is to select the proper pattern that will provide the injection
fluid with the maximum possible contact with the crude oil system. This selection can
be achieved by (1) converting existing production wells into injectors or (2) drilling
infill injection wells.

In general, the selection of a suitable flooding pattern for the reservoir depends
on the number and location of existing wells. In some cases, producing wells can be
converted to injection wells while in other cases it may be necessary or desirable to
drill new injection wells. Essentially four types of well arrangements are used in fluid
injection projects. (Tarek, 2010):

* Irregular injection patterns
* Peripheral injection patterns
* Regular injection patterns

» Crestal and basal injection patterns

Irregular Injection Patterns

Willhite (1986) points out that surface or subsurface topology and/or the use of
slant-hole drilling techniques may result in production or injection wells that are not
uniformly located. In these situations, the region affected by the injection well could
be different for every injection well. Some small reservoirs are developed for primary
production with a limited number of wells and when the economics are marginal,
perhaps only a few production wells are converted into injectors in a nonuniform
pattern. Faulting and localized variations in porosity or permeability may also lead to
irregular patterns(Tarek,2010).
Peripheral Injection Patterns

In peripheral flooding, the injection wells are located at the external boundary
of the reservoir and the oil is displaced toward the interior of the
reservoir.(Tarek2010).
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« Producing Well
A |njection Well

Figure 2.2 : Typical Peripheral Steam Flood(Tarik, 2010).

Regular Injection Patterns

Due to the fact that oil leases are divided into square miles and quarter square
miles, 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. (Tarek2010).

e Direct line drive.

The lines of injection and production are directly opposed to each other. The

pattern is characterized by two parameters ,a= distance between wells of the same

type, and d = distance between lines of injectors and producers.
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e Staggered line drive: the wells are in lines as in the direct line, but the

injectors and producers are no longer directly opposed but laterally displaced

by a distance of a/2.

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.

e Seven spot: the injection wells are located at the corner of a hexagon with a

production well at its center.

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.
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Crestal and Basal Injection Patterns

In crestal injection, as the name implies, the injection is through wells located at
the top of the structure. Gas injection projects typically use a crestal injection pattern.
In basal injection, the fluid is injected at the bottom of the structure. Many water-

injection projects use basal injection patterns with additional benefits being gained
from gravity segregation.(Tarik, 2010).

Gas injection well

Producers

ATT
|

Water injection well V
1

J ]

T '\\
-
L
_—
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Figure 2.4 : Well Arrangements For Dipping Reservoirs(Tarik, 2010).
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2.2 Literature Review

In the literature review their will be illustrate the previous case studies in Sudan

and around the world.
2.2.1 World Case Studies

(Pujol, 1972) study the adequacy of scaling methods used for steam-flooding
studies in laboratory models of reservoirs containing viscous oils.. For highly viscous
oils, it was found that accurate capillary pressure scaling is not required . Model
predictions, after adjustment to field conditions to correct for differences between
model and field starting oil saturations and injected steam quality, agree closely with
numerical two-dimensional, three-phase calculations of the steam drive process. Qil
recovery was found to depend mainly on the heat input per unit volume of reservoir
sand. Injection rate was found to be a much less important variable.

(Shangqi,1988) describes the development of a fully implicit two-dimensional
three-phase numerical simulator for steam flood. The model consists of three phase
mass conservation equations for oil ,steam and water, an energy conservation
equation. The results will be useful to steam flood project design in this and other oil
fields.

(Cheng Zan, 2010) Designed a model to simulate steam flooding of an extra-
heavy oil reservoir in Xinjiang Oil Field in which the reservoir is shallow and thin.
Numerical simulation of steam flooding processes using different well configurations
was performed. The CMG-STARS thermal simulator was used to simulate the data
from the present steam flooding experiments.The experimental results indicated that
the combination of vertical and horizontal wells plays weak roles for improving steam
flooding in the experimental model, because of the limited contribution by gravity
drainage.

(Yaser, 2011) addresses experimental and numerical simulation of steam
injection in fractured rock. The purpose of the work was to investigate the efficiency
and feasibility of steam injection in a core sample which is surrounded by fracture.
The results show that steam injection process has great performance and efficiency in
fractured systems. However, steam processes are not recommended in very high
permeable fractured reservoirs due to high steam oil ratio (SOR).

(Seyed, 2011) studied the steam injection including steam flooding and Cyclic

Steam Stimulation (CSS) and compared in detail as potential development scenario of
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a highly fracture heavy oil reservoir in Iran. The oil gravity is 8-12 API with about
2700 cp viscosity at surface condition. The results show that steam flooding could
improve the recovery factor from almost zero to about 12 % while CSS will give
about 37 % of recovery factor in the studied sector model which makes it more
attractive method as development scenario.. Furthermore the results illustrated that the
injection strategies, well spacing, well type, pattern type and size are among the
important parameters for designing the steam injection.

(Mehdi, 2012) prepared two separate numerical models to investigate steam
flooding performance for the recovery of light and heavy oil. The heavy oil model is a
Cartesian hypothesis model with properties of Cold Lake heavy oil reservoir in
Canada and light oil model is a sector of an Iranian fractured light oil reservoir. Also,
operational parameters such as steam quality, steam flow rate and well perforation
were optimized for both reservoirs.Results show heavy oil reservoirs do not response
fast to steam compared to the light oil reservoirs. Furthermore, viscosity reduction is a
main recovery mechanism in recovery of heavy oil and contribute to 80% of total
recovery, while in recovery of light oil all three main recovery mechanisms have the
same contribution to total recovery. It was also found that the optimized operational
parameters are different for each reservoir.

(Shijunhuang, 2015) present a series of physical experiments investigating the
steam flooding using horizontal wells for thin and heterogeneous heavy oil reservoir.
The steam chamber sweep efficiency, oil recovery and water cut of homogeneous
model and heterogeneous models are compared.The results indicate that the low
permeability zones greatly hinder the development of steam chamber.resulting in
poorer sweep efficiency, earlier steam breakthrough, more residual oil, as well as
lower oil recovery, higher water cut, less liquids and oil production.

(HaoGu, 2015) illustrate that the mathematical model is composed of many
sections. The prediction of thermo physical properties of injected steam considering
phase change. and, steady-state heat transfer inside the wellbore and transient radial
conduction in the formation are coupled at the cement/formation interface, The
proposed model is validated by comparing simulated steam pressure, temperature and
quality with measured field data from Liaohe Oilfield,. The results indicate that
enhancing the wellhead injection rate and using low thermal conductivities of
insulation materials can greatly improve the thermal efficiency. But it is not a good

choice to achieve this goal by improving the wellhead steam quality.
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2.2.2Sudan Case Studies

(Raj deo, 2011) illustrates the successful design, implementation and evaluation
of cyclic steam stimulation pilot in heavy oil field of Sudan.This field contains heavy
oil in multiple reservoirs of Bentiu formations of late cretaceous age occurring at
depths of 550-600m, highly porous (~30%), permeable (1000-2000 mD)
,unconsolidated in nature, API 15 - 17 and corresponding viscosities in the range of
3700 cp and 3000 cp at reservoir conditions.Cyclic steam stimulation has been
implemented in eight selected wells spread over the fieldwith Steam quality of 75%
was injected for 6-12 days and wells were subjected to soaking of 3-5 days. Putting on
production an improvement of three to five foldsActual results are better than
predicted in simulation studies with lower steam intensity of 120 m3/m compared to
planned 160m3/m.

(Elamin, 2014) illustrate that the problem of excessive water production rate in
Bamboo field which are possibly due to the fingering and water conning Currently the
field is producing around 9000STB/D with water cut around 75% and keeps
increasing. Since the declining production take place for that their strategy to go for
implementation of Enhance Oil Recovery (EOR) process . After more study they
conclude to use thermal EOR in Bamboo field reservoirs, Feasibility studies shows
that steam injection is potentially the most practical and viable option . The Result
shows that the thermal EOR projects for bamboo west oil field are very successful and
almost reward double production from 280 bbl/day to 500 bbl/day in Bamboo Oil
Field.

(Husham, 2016) represent that the optimum pilot area and propose the steam
flooding injection parameter, the suitable well spacing as well as the required steam
flooding facility for FNE oil field. FNE reservoirs are highly porous (~30%),
permeable (1000-2000 mD) and unconsolidated in nature. the fluid properties include
viscous crude with 15 to 17.7 API. Corresponding viscosities are in the range of 250
cp and 500 cp at reservoir conditions. the model was designed with six different cases
at different well spacing were investigated .Steam temperature of 270 °C, 5~7 MPa
injection pressure, steam quality of 0.6, and steam injection rate of 1.6 m3/d/ha/m;
their used as Steam Flooding parameters for all simulation cases while the recovery
ratio of 1.2 is also considered. The result showed that converting of Cyclic Steam

Stimulation (CSS) to steam flooding after the third cycle could improve the recovery
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factor of the field up to 43 ~ 50.1%, while CSS only can increase the recovery percent
of the suggested well groups by 32.5 - 34.2% of the studied sector model which
makes it more attractive method as development scenario for FNE oil field.

After reviewing the history and previous studies in the world and in Sudan, This
research aims to do feasibility of applying steam flooding in FNE field as case study
in Sudanese oil field using CMG Software and by using actual model and data, and
the prediction of the field performance and productivity till 2026.
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Chapter 3: Methodology

3.1 Introduction

The Production of heavy oil by conventional methods gave low recovery factor
(5%-10%) of the OIIP. FNE oil field is the heavy oil field which has very low
recovery factor. The main objective of this task is to find solution to enhance the
recovery factor of this oil field.

The Geological data, reservoir data and production data for FNE oil field has
been collected and used for analysis to identify the situation of the field and it is
suitability for conducting steam flooding.

FNE reservoirs are highly porous (~30%), permeable (1000-2000 mD) and
unconsolidated in nature. The fluid properties include viscous crude with 15 to 17.7
API. Corresponding viscosities are in the range of 250 cp and 500 cp at reservoir
conditions. (Husham et al, 2016)

The analysis will be done through steps in order to identify the main reason of
the problem, and then propose the suitable solution, which will be applied to do the

simulation model for the new cycle optimization.
3.2 Computer Modeling Group

Abbreviated as CMG, is a software company that produces reservoir simulation
programs for the oil and gas industry. It is based in Calgary, Alberta, Canada with
branch offices in Houston, Dubai, Caracas and London. The company is traded on the
Toronto Stock Exchange under the symbol CMG. The company offers three
simulators, a black oil simulator, called IMEX, a compositional simulator called GEM
and a thermal compositional simulator called STARS.

The company began in 1978 as an effort to develop a simulator by Khalid Aziz
of the University of Calgary's Chemical Engineering department, with a research
grant from the government of Alberta. A commercial product was being sold by the
late 1980s. For the first 19 years of the company's history it was a non-profit entity. In
1997 it became a regular public company when it was listed on the TSX. The

company now claims over 400 clients in 49 countries.( CMGL ,2016)
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Today, CMG remains focused on the development and delivery of reservoir
simulation technologies to assist oil and gas companies in determining reservoir

capacities and maximizing potential recovery

3.2.1 CMG components

PTroCessor
Y,
- 3 s ™
Builder Winprop Results 3D
/ Results Graph
IMEX V Results Report
GEM \_ J
STARS | |
CMOST

“Figure 3-1 : CMG Components
STARS -Thermal & Advanced Processes Reservoir Simulator
STARS is the undisputed industry standard in thermal and advanced processes
reservoir simulation. STARS is a thermal, k-value (KV) compositional, chemical
reaction and geomechanics reservoir simulator ideally suited for advanced modelling
of recovery processes involving the injection of steam, solvents, air and chemicals.
The robust reaction kinetics and geomechanics capabilities make it the most complete

and flexible reservoir simulator available.
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3.3 Methodology diagram

Getting The Data

Using CMG Software & prepare
different models with different condition

Running Models

4L

Analysis of the Running

Figure 3-2 :Methodology Diagram



3.4 Steps of Cyclic Steam Simulation Model in STARS

Building the CSS will be by following the flow chart below

Copy the wells( perforations , geometry,
trajectory ) and change it into a an injector wells

Setting Operating Constraints for the injection
wells

E[ Entering the injection fluid properties
é Setting the Duration ( injection , soaking )

Running the Simulator and get results ]

Figure 3-3 : Steps of Cyclic Steam StimulationModel
For cyclic steam injection, there must be an injection well and production well

located in the same location. From the wells menu select “Copy well”. Select

“producer”. Click next as shown in the figures below.
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Figure 3-4 :Copy the Well

( i | Copy Well Wizard. Step 1 of 6

Select Wells to Copy

[] HHH-2
2 | HHH20
HHH-21
HHH22
HHH-55
HHH-56
HHH-57
HHH-58
HHH-53
HHH-50
HHH-51
HHH-52
HHH-53

[v] HHH-68

@ Producers

i) Injectors

0
L]
[]

[] Match name / wil

O =[N &= to| M| =

Figure 3-5 : Copying the Wells

and make sure “Copy all perforations” is selected. Click next as shown in the

figure below.
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Copy Well Wizard. Step 2 of &

Copy Pedforations

When copying a well the perforation is reguired. You have the following options to choose for now. You are
still able to modify the perforation date selection for individual wells in the last step of the wizard i you want.

@ Copy all perforation dates

") Copy first perforation date

") Copy |ast perforation date

Figure 3-6 : Copying the Perforations

Check the “Copy Geometry” option and click next as shown in below.

Copy Well Wizard. Step 3 of &

Copy Geometries

Please note that you are still able to change your geometry selection forindividual wells later in the last step
of this wizard if you want.

Copy Geometry (Default geometry will be used if not copied )

@) |Ise the geometry that is specified for the copied perforation
_) Uze the first geometry for all copied perforations

_) Uze the last geometry for all copied perforations

Figure 3-7 : Copying the Geometry
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Next again

i ' Copy Well Wizard. Step 4 of 6 [

Copy Trejectories

Please note that you are still able to change your trajectory selection for individual wells later in the last step

of this wizard if you want_
Copy Trajectory
) Copy all trajectories
Copy first trajecton
Copy last trajectory

(o) [0

Figure 3-8 : Copy Trajectories
Select the option “I will manually enter the new well name on the next step”.

Then click next as shown below.

Copy Well Wizard. Step 5 of 6

MNew Well Name and Date

Please note that you can still modify the name and/or date of the individual new wells in the next step if you
want.

MNew Well Mame

~) Use the common suffic _in

@) | will manually enter the new well name in the next step.

MNew Well Date

@ Use the onginal well's definition date

") Use the date 2005-05-06 =]

Figure 3-9 : Entering the Injection Wells Names 1
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Enter the name " HHH-55_inj, HHH-56_inj, HHH-57_inj, HHH-58_inj, HHH-
59_inj, HHH-60_inj, HHH-61_inj, HHH-62_inj, HHH-63_inj, HHH-68_inj " in the
wells names as shown below and click finish

( i ' Copy Well Wizard. Step 6 of 6

Copy Well Information

You can do further modification to individual wells here.

g
i
o
a
3
)

| GEO Date | Trejectory | TRAJ Copied | New Wel New Wel Date
Al ~| Nene HHH55_ini 2009-05-06
All None HHH56 _inj 2009-05-06
Al None HHH57 _inj 2005-05-06
All None HHH58 _inj 20090506
All None HHH59 _inj 2009-05-06
All None HHHED_inj 2005-05-06
Al Mone HHHE1_inj 2009-05-06
All None HHHE2Z_inj 2009-05-06
All None HHHE3 inj 2009-05-06
Al None HHHEE inj 20050506

]
2
3
4
5
6
7
8
]

KEREREERRKEEREKR
FREACAEAPA CNEN ER PAE

—
=

Figure 3-10 : Entering the Injection Wells Names 2

Then setting the constraints for the injection well as shown in figure below

I~ - — — - 1
1 Well Events _—_h e B
displayed wells 24 of 24 20150427 - Well: "HHH-55_inj' at 201504-27 (2182.00 day)
Name / Date Event i ID & Type 1 [¥] Constraint definition previous date: <none>
HHH-55 ini ) ; :
20080506 WELL Ermms i : i
2015-04-27 WELL Mukipii
ultipliers _——
INJECTOR B MAX 11000000 kPa | CONT
constraints Wellbore | g
injected fluid — 8
stream quality Injected Fluid
stream tempera... — |
20150507 ALTER Options
HHH-56 Layer Gradient 4 | L1} | >
1 T laragie
20090506 WELL _— e D Max. number of continue-repeat allowed (MXCNRPT) 1
20150525 PRODUCER Gas Lit * - i‘l."-' [
constraints _—
ALTER Guide Rates
20150527 ALTER — < constraint modffiers >
315'05'2‘3 :tIES v Lo [] Change cument primary constraint (ALTER)  [] Set new or change old constraint (TARGET)
20150602 ALTER STW 0 m3/day H# Parameter |‘u’al|.|e |
20150613 ALTER A select new
20150618 ALTER U
2015-06-18 ALTER Ater:  previous date: <none>
2015-06-20 ALTER Target: previous date: <none
0150621 ALTER i o )
@ Name h
SHbY e (b I o2yl Poy

Figure 3-11: Adjusting the Constraints for the Injection Well
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Then entering the injection fluid properties as shown in figure below.

Well Events

E =7 | displayed wells 24 of 24

Name / Date

HHH-55_inj
20050506
2015-04-27

2015-05-27
2015-05-28
2015-06-01
2015-06-02
201506-13
2015-06-18
2015-06-15
2015-06-20
2015-06-21

Event

WELL

WELL
INJECTOR
constraints
injected fluid
stream quality
stream tempera...
ALTER

WELL
FRODUCER
constraints
ALTER
ALTER
ALTER
ALTER
ALTER
ALTER
ALTER
ALTER
ALTER
ALTER

@ MName

Sort by:
by ") Date

ID & Type
Constraints
Multipliers
Wellbore
Injected Auid
Options
Layer Gradient
Gas Lift
Guide Rates

~+ Comments

Injected fluid: WATER

Well: "HHH-55_inj" at 2015-04-27 (2182.00 day)

| # | Component
(1 [H2
2 dead oil

| Mole Fraction Nomalize

1.
0.
1

Total:

Injection fluid / stream attributes
Temperature
Steam quality
[~ Pressure

I I Cancel

s (0K

Figure 3-12 : Entering the Injection Fluid Properties

After that we will add seven new wells and work for the purpose of steam

injection into the field and working the field into steam flooding and before that the

field is run in two cases ( infill wells cold and infill wells CSS)).

3.5 Steps of Steam Flooding Model in STARS

N
* Drill infill wells (injection wells)

J

)
« Setting operating constraints of injection wells

J

)
* Intering the injection fluid properties

J

N
* Runing the model and get results

J

\7
\

Figure 3-13 :Stepsof Steam Flooding Model
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Infill wells

At this stage, it will add seven new wells, any well in the middle of the four
wells and to the work of the steam injection case as shown in figures below .

Builder - [EAABC\FYP SF D EW: i 2016.dat:1]
File Edit View IOControl Reservoir Components Rock-Fluid Initial Conditions Numerical Geomechanics Well Tools Window Help

FEHLRE B OE S K| Woersge - (FRBO P LEESEQAD OB S UL
UDAed v © Plane 1ot 27. Specly | [ Calcuate [vmawm
o) [PGute D e L (S [

| Model Tree View v ax
/O Control 4
v Reservoir

v Components
v Rock-Fud

Grid Top (m) 2009-05-06 K layer: 1

[File: FYPDNC2016|
User: Rahoum
[Date: 10/12/37
Scale: 1:9658
Y/X: 1.00:1

|Axis Units: m

1

T T T T T T T T T T T T T T T
663,100 663,300 663,500 663,700 663,900 664,100 664,300 664,500

1

O'09Z'F  009'092'} 008092 L

Validate

< Hea  Propetties..
Export Well List...

00 1259900 1260100 1260300 1260500 1260700 1260
L

K

g

N
| 8 1

2

8 =
[ 000 62000  1240.00 feet [N 5y
LB 000 19000 380.00 meter

2 B, S 57
._D 663,100 i 663,300 663,500 663,700 663,900 664,100 664_‘300 664,500 ,l

Figure 3-14: Adding New Well

After that we will define the well and identify the type of well as shown in figure
3.15.

s i i list of names.
Name: Well-1

Add muttiple wells numbered 1 through 10 he name iz used az a baze and

umbers are appended.

Muiltipliers

Wellbore

Type: [INJECTOR UNWEIGHT ~|

Imjected Fluid

Group: 3rd or 2nd level group with no
[M> v]otherg'otps attached to it

. to muttiply well rates and
[C] Fraction: [o |mww es

In order to keep the new type the Constraints has to be set too.

ation start date: 2009-05-06

Defirition date: 2015-05-07

[] Add wells using a drilling schedule of wells everny months,
ok J|[ concel J[ bee ]

Figure 3-15: Defining the Well
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After defining the well we will entering the constraints as shown in figure 3-16

v] Well: "Well-1" at 20150507 (2192.00 day)

I Constraint definition I previous date: <none>

Constraint | Parameter | Limit/Mode Action
OFERATE EHP bottom hole pressure + MAX b kPa cont|
OPERATE STW surface water rate N MAX 0 m3/day | ComM
Wellbore select new LI

Injected Fuid

Multipliers

Options

T |

Layer Gradient

Maxc. number of continuerepesat allowed (MXCMNRFPT) 1
Gas Lift Ll -~ i-!i-rr =

Guide Rates

< constraint modifiers >

Co rit
mments [] Change cument primary constraint (ALTER) [] Set new or change old constraint (TARGET)

BHP 0 kPa H Parameter Walue [
select new

Alter:  previous date: <none>

Target: previous date: <none:
[ResetPage | [FIAsomppy | oK Cancel | [ ooy | [ Hee ]

Figure 3-16: Entering the Constraints To The Well
After that we will entering the injection fluid , fluid temperature , and steam

quality.as shown in figure 3-17

20150507 v] Well: Well-1" at 20150507 (2192.00 day)

ID & Type

Injected fluid:

Constraints

Component Mole Fraction
Multipliers H20 1.
dead oil 0.
Total: 1.

Options
Layer Gradient
Gas Lift

Guide Rates

Comments
ion fluid / stream attributes

Tempersture 250 C
Steam quality D7
[ Pressure 0 kPa

@
[[Reset Page | (7] Auto-apply ok | [ Canesl ][ meey ][ hee |

Figure 3-17: Entering the Injection Fluid , Temperature , and Steam Quality

-35-



After that we will select the layers to be perforated as shown in figure 3-18

Builder - [EAABC\FYP SF Data-2016\NEWz\montasir\FYPNEW.DNC2016.dat:1]

File Edit View IO Control Reservoir Components Rock-Fluid Initial Conditions Numerical | Geomechanics = Well Tools Window Help
DB S RB (SO ES 5 WhoePage - |F[BB LI LEESTQAD OB b mEBL

WDAed v U Pane27a

Calculate: Validate With
] lP«pﬂt; I STARS

Boam - [eoam ) Emr ) |

- & x

[ erConvieion SR P

—" Wel & Date: Well-1 2015-05-07 - @ INJECTOR UNWEIGHT
‘ > General Perforations 2

B Add pers with the mouse
[ etmeoyostivevas. | [T Beon | “ e A =

File: FYPNEW DN
User: Rahoum
_| [Date: 10112137

1,260,

1,260,700
!

v Connedt to_| Fomn facor FF_| Status | Ref Layer | W1 makPa)
e 9111783

1 16904522

2 18847.321
® HHH-56 3 179846

4

5

1,260,600
1

HHH-56_inj
HHH-57
HHH-57_inj

334318

L

1,260 300

HHH-59_inj
HHH-60
HHH-60_inj
HHH-61
HHH-6L_inj
HHH-62
HHH-62_inj
HHH-63
HHH-63.inj
HHH-68
HHH-68._in
B-F Well

1,260,100

s}

T
1,250,800

T
008'652' |
700

newmenenenenenenemn

0.00 620.00 1240.00 fest
———————

0.00 190.00 380.00 meter
————

T
009'652' L

664,300 664,500 <|
I L I L

663,100 663,300 663,500 663700 663,900 664,100
1 I I I I 1 L 1

Rendering 87281 grid blocks, 3233 view blocks, 3233 exterior faces.

Figure 3-18 :Perforations of the Well

Grid Top (m) 2015-05-07 K layer: 1

File: FYPNEW SFZ
User: Rahoum

_| |Date: 10/01/36
Scale: 1:9658

[Y7X: 1.00:1

IAxis Units: m

T T T T T T T T T T T T T
663 100 663 300 663 500 663 700 663 900 664 100 664 300 664 500

1260

008 092 |

1260 700

0000sZ | 00ZOSZ b OOFPOST L 009092 4
1260100 1260300 1260500

1259 800

008 652 |

700

0.00 620.00 1240.00 feet
——————

0.00 190.00 350.00 meter
——

T
009 652 L

663 500 663 700 663 900 664 100 664 300 664 500 <‘
! I I I ! I I I I I ! I I

663 100 663 300
I I I

Figure 3-19 :Infill Wells
To do CSS we will need to Copy the wells with the same previous steps of CSS

to the wells from 1 to 7 as shown in figures bellow
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Builder - [ENABC\FYP SF Dat: i\FYPNEW.SF2016.dat:1]

1l . - S .

File Edit View IOControl Reservoir Components Rock-Fluid Initial Conditions Numerical Geomechanics Well Tools Window Help
Dl BB & OS5 Wolebae - [REBo{P: LELS QS ORI U

Plane 1of 27 ’

Property

1 _[2n0ans06

Specty ‘ ’cacuae ’vsdaewml
Propety STARS

Well New...

FlesWells... op (m) 2009-05-06 K layer: 1

Well Events...
Well Trajectories

T T T T
00 663,900 664,100

File: FYPNEW SF:
User. Rahoum

_| |Date: 1012/37
Scale: 1:9658
Y/X: 1.00:1

Axis Units: m

T T T T
664,300 664,500

1,260,

M Well Completions (PERF)...
| Copy Well... |
Pattern-Based Wells...

1,260,700
1

Group New...

1,260 500
f

Trigger New.

HHH-60_inj

HHH-61 Well List (Open/Shut)...

HHH-6L_inj Heater Well..

HHH-62

HHH-62_inj

HHH-63 D

HHH-63_inj Reporting Groups.

HHH-68 Gas-Lift Optimization...

HHH-68_inj

& Well-1

- @ Well-2

-7 Well3

& Well-4

& Well-5

& Well-6 -

# wel Validate well completions for NULL blocks... 0.00 620,00 1240.00 feet

< Fledells 0) Validate simultaneous productioninjection... 000 1900 380.00 meter

< Dates (1982) Show Wells At Simulation End Date/Time _—

 Triggers (0) i Open Wellbore Diagram 00  663.900 664,100 664,300 664,500 <|

- = Well List (Ooen/Shut} L L L L L L L L
4 Open Time-Line View

1,260,300
1

Dates...

1,260,100
I

nenenenens

Import Production/Injection Data...

1,260 900
!

Fix Well Definition Dates...

700

For Help, press FL

Figure 3-20 :Copy the Well

|87 Copy Well Wizard. Step 1 of 6

Select Wells to Copy

HHH-57 _inj
HHH-58_inj
HHH-59_inj
HHH-60_inj

HHH-E1_ini
- Match name / wildcard
HHH62 1 [ Match e L]

HHH-E3_inj

RERKNEOOOOOOOO

Figure 3-21 :Copy the Injection Wells To Producers
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[0 Copy Well Wizard. Step 3 of 6

Copy Perforations

When copying a wel the peforation is required. You have the following options to choose for now. You are
still able to modify the peforstion date selection for individual wells in the last step of the wizard if you want.

IE:' Copy all perforation dates |

() Copy first perforation date

{7 Copy last perforation date

Figure 3-22 :Copying All Perforations

Copy Geometries

Flease note that you are still able te change your geometry selection for individual wells later in the last step
of thiz wizard f you want.

Copy Geometry (Default geometry will be used i not copied )

i@ Use the geometry that is specified for the copied peforation

i) Use the first geometry for all copied perforations

() Use the last geometry for all copied perforations

Figure 3-23 :Copying the Geometry
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—
| @' Copy Well Wizard. Step 4 of &

Copy Trajectories

Please note that you are still able to change your trajectony selection for individual wells later in the last step
of this wizard if you want.

[ Copy Trajectory

(@) Copy all trajectories
Copy first trajectony

Copy last trajectory

Figure 3-24 :Copying the Trajectory

( [@7 Copy Well Wizard. Step 5 of 6 E

Mew Well Name and Date

Please note that you can still modify the name and/or date of the individual new wells in the next step if you
want.

New Well Name

i] ;@) Use the commeon suffic pro

= 1 will manually enter the new well name in the next step.

New Well Date

@::) lUse the orginal well's definition date
[@ Usethedate  |20150507 v] I EH

(3)

Figure 3-25 : Entering the Production Wells Names 1
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Copy Well Information

You can do further modification to individual wells here.

—

Ertry#f | Geometry | GEO Date | Trajectory | TRAJ Copied  |[New Wel New Well Date
1 All LID Mone Wel-1_pro 2n50507 -
2 All LID Mone Well-2_pro 2n50507 -
3 All ;ID Mone Well-3_pro 250507 -
4 All ;ID Mone Well-4_pro 250507 =)
b Al ;ID Mone Wel-5_pro 2150507 -
[ Al ;ID Mone Wel-&_pro 250507 -
7 All ;ID Mone Wel-7_pro 20150607 -
4 m | »
\ 4
[ < Back ] [ Finish l [ Cancel ]

Figure 3-26 : Entering the Production Wells Names 2

@7 Well Events

displayed wells 38 of 38

20150507

/J“'l‘mefDate

ﬂ 2l-1 pro

|7 20150507 WELL

Well2
20150507

Event

WELL
INJECTOR
constraints
injected fluid
stream quality

OPEN
Well-2_pro
20150507
Well-3
20150507

WELL

WELL
INJECTOR
constraints
injected fluid
stream quality

OPEN
Well-3_pro
20150507
Well-4

WELL

stream tempera...

stream tempera...

@ Name
Sort by: =
ot by ) Date

| ID & Type I Well defintion  Previous date: <nonez

Constraints
Multipliers
Wellbore

Injected Fluid
Options
Layer Gradient
Gas Lift
Guide Rates

Comments

Figure 3-27 :Production Well Definition

Well: "Well-1_pro® at 20150507 (219200 day)

Name: [Well-1_pro

Type: qJF{ODUCEF{

Group: [(None)

v]?.n:l or 2nd level group with no
other groups attached to it

[ Fraction: |ﬂ

use to multiply well rates and
index

In order to keep the new type the Constraints has to be st too.

Sre—

OK

][ Cancel ][

Apply | [ Help
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- - E=RER ==

F Well Events

displayed wells 38 of 38 - Well: Well-1_pre® a 20150507 (219200 day)
Name / Date Event previous date: <none
Well-1_pro 4 N
20150507 WELL Constraints # Constraint PE!IEIITI( ] | Limit/Mode Value
PRODUCER Mutiplers 1 |OPERATE BHP bottom hole pressure | MIN /200 kPa
Wel2 ————— |#2 OPERATE STLsuface liquid mte  MAX 100 m3/day
20150507 WELL Welbore | sclectnew =]
INJECTOR U
constraints Injected Fluid
injected fluid [ |
stream quality Options
Ztr:EnN'l tempera... Layer Gradiert < 0 | r
e R Mazx. number of continuetepeat allowed (MXCNRPT) 1
Well-2_pro Gas Lit X & v
20150507 WELL e
Wel-3 Guide Rates
20150507 WELL —— < constraint modfiers >
INJECTOR Comments [[] Change cument primary constraint (ALTER) [ Set new or change old constraint (TARGET)
constraints
injected fluid EHP 0 kPa | # Parameter | Value |
stream quality select new
stream tempera...
OPEN O Alter:  previous date: <nones
Well-3_pro .
Target: date: <nones
20150507 WELL " arget: previous date: <nons
Dnsowr [0k (oo ) [om ) (e

Figure 3-28 : Entering the Constraints
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Chapter 4: Results & Discussion

4.1 Introduction

The development of enhanced-oil-recovery (EOR) processes has been ongoing
since the end of World War Il,when operators who owned reservoirs with declining
reserves recognized that significant quantities of oilremained in their reservoirs after
primary and secondary recovery (primarily waterflooding). Research andfield activity
increased as production from major reservoirs declined, worldwide consumption of
oilincreased, and discoveries of major new reservoirs became infrequent. Intense
interest in EOR processes wasstimulated in response to the oil embargo of 1973 and
the following energy "crisis." The period of highactivity lasted until the collapse of
worldwide oil prices in 1986.(Green & Willhite, 1998).

Over the years, interest in EOR has been tempered by the increase in oil
reserves and production. The discovery of major oil fields in the North Slope of
Alaska, the North Sea, and other regions (such asindonesia and South America) added
large volumes of oil to the worldwide market. In addition, estimates ofreserves from
reservoirs in the Middle East increased significantly, leading to the expectation that
the oilsupply will be plentiful and that the oil price will remain in the vicinity of U.S.
$20 to $25Ibbl. (constantdollars) for many years.(Green & Willhite,1998).

Although large volumes of oil remain in mature reservoirs, the oil will not be
produced in large quantities by EOR processes unless these processes can compete
economically with the cost of oil production fromconventional sources. Thus, as
reservoirs age, a dichotomy exists between the desire to preserve wells forpotential
EOR processes and the lack of economic incentive because of the existence oflarge
reserves of oil inthe world.

Thermal recovery processes rely on the use of thermal energy in some form both
to increase the reservoir temperature, thereby reducing oil viscosity, and to displace
oil to a producing well.

One of the Thermal recovery processes is CSS, in cyclic steam stimulation,
steam is injected into a productionwell for a period of 2 to 4 weeks. The well is shut
in and allowed to"soak" before returning to production. The initial oil rate is high
because of the reduced oil viscosities at the increased reservoir temperatures. There is

also some acceleration from increased reservoir pressure near the well bore. With
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time, the heated-zone temperature declines as a result of heat removed with the
produced fluids and conduction losses to over- and underlying formations. Oil rates
decline as the heated-zone temperature and oil viscosity decrease.

When the production declines to a predetermined level, another cycle of steam
injection is initiated. In some reservoirs, up to 20 cycles have been carried out.
e Importance of CSS:

= Prepare the field for future steam flooding by heating a part of the reservoir.

= Reduced oil viscosity and there for change the wettability around the well bore
from oil to water wet in addition to mobility ratio reduction.

= Reduces Sor (remaining oil in the reservoir).

= Quick increment in oil rate once the production phase is started.
(Green & Willhite, 1998).

4.1.1 Field Introduction

Fula North East FNE oil field is located in the Northeast of Fula sub basin, 9
Km from Fula CPF 3D Area: 72 km?. Structure units in oil-bearing area: (FNE-1,
FNE-3 & FNE-N).

FNE consist of 23wells on CHOPS, 8wells have been converted from CHOPS
to CSS 4wells (3™ cycle) 4wells (4™ cycle) 25wells started with CSS: 3wells (1%
cycle) 12wells (3" cycle) 8wells (4™ cycle) 2wells (5™ cycle), Then the total number of

wells is 56. It has two main Pay Zones are:
Aradeiba (d)

v" OlIP: 33.23 MMSTB
v' Weak edge water
Bentiu (a, b & ¢)

v OIlIP: 265.5 MMSTB

v" Massive sand

v Burial Depth (460~580 m)
v

Bottom water support
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Figure 4-1: FNE Oilfield Location Map (OEPA, 2015)
4.1.1.1 Pressure and temperature system

At 529 m depth the average pressure is 576 psi and the average temperature is
43.9%.

4.1.1.2 Reservoir Fluid Properties

Conventional heavy oil in both Aradeiba & Bentiu, see table 4-1 of crude oil
properties and water properties of FNE oil field.
Table 4-1: Crude Oil Properties and Water Properties of FNE Oil Field

Crude properties
API 17.7
TAN(mgKOH/I) 5.4
Pour point(°c) 4
Viscosity @29°c(cp) 3800
Viscosity @50°c(cp) 727.33
Water properties
Water type NaHCO3
PH value 7.64
Salinity (mg/L) 1067.82
Chloride content (mg/L) 524.66
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4.1.1.3 Reservoir Characterization

See table 4-2 of reservoir characterization for the producing layers of FNE oil
field.
Table 4-2: Reservoir Characterization of FNE Oil Field

Formation Aradeiba Bentiu
D(%) 2510 30 29 to 34
K(md) 100 to 5000 1000 to 10000

Net pay 3.3 31.5

Table 4-3 show the originaloil in place division of FNE productive formations
(Aradeiba & Bentiu).
Table 4-3: Original Oil In Place (OOIP) Of Aradeiba and Bentiu Formations

Formation OOIP(MMSTB)
AD 33.23
B 265.5
Total 298.73

FNE reservoirs are highly porous (~30%), permeable (1000-2000 mD) and
unconsolidated in nature. the fluid properties include viscous crude with 15 to 17.7
API. Corresponding viscosities are in the range of 250 cp and 500 cp at reservoir
conditions. (Husham et al, 2016).

4.1.2 Selection of Steam Flooding pilot Area

According to FNE oilfield geological and reservoir characteristics, combined
with reservoir production performance, determine the main factors should be
considered for the selection test area, as follows:

Abundance of reserves.

e Reservoir properties can represent the general level of the oilfield.
e Oil reservoir thickness>9m:
e Most wells should be thermal recovery completion; there are relatively more

existing wells with stimulation effect.
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e Located in the high parts of the local structure; with good cross-hole connectivity

and a unified oil-water system. See table 4-4 of screening criteria for thermal

recovery.
Table 4-4: Screening Criteria ForThermal Recovery
Item SF FNE
Pay depth (m) <1300 550
Pay thickness(m) 7~60 30
NTG >0.4 0.6
Horizontal perm >200 4000
Porosity% >20 32
Oil Saturation% >45 70
Oil viscosity <10000 661 @50°C
Reservoir pressure <725 610

Considering the abundance of reserves in the test area, reservoir properties can
represent the oilfield properties, taking Bla, B1b and B1c oil formation for examples,
it can be determined with the porosity, permeability, oil saturation field, the
abundance distribution of reserves . Most wells in the selected pilot area are the steam
stimulation wells, and the reservoir thicknesses greater than 9m, selected pilot test
area is located in the high parts of the local structure; with good cross-
holeconnectivity and a unified oil-water system. See figure 4-2: Structural map of
FNE
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]
. Top B1A Depth Map

Fula North East Area

Figure 4-2: Structural Map of FNE Top B1A

By analysis of the reserve, structure, connectivity, oil saturation and other
parameters of FNE; the area is in line with the selection principle forsteam injection
pilot test area, so it is recommended as the area for SteamFlooding pilot test.
Husham et al. (2016).
4.1.3 Model Introduction

The simulation of this thesis begins from 6-5-2015 to 6-5-2026 as a prediction
to the future performance and productivity of the FNE oil field by running the

simulation model in different scenarios (DNC, CSS, infill wells cold, infill wells CSS
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and SF scenario) with different steam parameters to make an optimization between all
the scenarios which will be done in this chapter.

The model is Do Nothing Case (DNC) model, its simulation history begins from
6-5-20009 till 1-3-2015 with 2082 dates and 14 wells, 4 of it processing with CHOPS
and 10 wells with CSS.

The simulation model consists of 27 layers, Grid Type: Corner Point 61*53*27,
Total Blocks = 87291.

Porosity Type: Single, Connection Type: Five Point, Named Faults: 1,
Geological Units: 5. the sectors: Bla, Blb, Sectorl.

It has 14 wells, 4 wells produce with CHOPS and 10 wells producing by CSS,
the Reference Pressure (REFPRES) is 3647.33 kPa, the Reference Depth
(REFDEPTH) is 28.4 m, Water Oil Contact Depth (DWOC) is 28.4 m and the First
Time Step Size After Well Change (DTWELL) = 10day.

Pressure (PRESS) 500 kPa, Saturation (SATUR) 0.2, Temperature (TEMP) =30
C. The dates are 1982, begins from 6-5-2009 till 6-5-2026 with step=1, per days.
Figure 4-3 show the grid top (m) in 2D while figure 4-4 grid top in 3D for the

simulation model.
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Figure 4-3: GridTop (m) For the Simulation Model
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Grid top (m) range from (-37 to 96) m, but the most of grids are above 56 m.
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Figure 4-4: Grid Top In3DFor the Simulation Model
At surface the grid top 3D range from (-37 t029) m and then increase with depth

till reach 96m as maximum grid top.
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Figure 4-5: Porosity ForPerforations Layerof the Simulation Model
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The above figure (4-5) illustrates porosity distribution for perforations layer of
the simulation model. Good distribution of porosity, its range from 0.15 to 0.27.
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Figure 4-6: PermeabilityForPerforations Layerof The Simulation Model

Figure 4-6show Permeabilitydistribution for perforations layer of the simulation

model. High permeability, increase till reach 10000 md.

4.2 Development Scenarios:

This section contains the results, analysis and discussion for the simulation
models of the sector of FNE oil field. Discussing of different scenarios: DNC&CSS ,
infill wells (cold), infill wells (CSS) and steam flooding scenarios, by using different
sets of steam injection parameters : (injection rates of 120,180,210,250m3/day
&temperatures of 200,250,300,350 Oc& with steam qualities of 0.5,0.6,0.7,0.8) to
make optimization to choose the optimum one to be applied in FNE Sudanese oil
field.

4.2.1 Case One:Do Nothing Case (DNC)
In DNC: there is no injection wells, just producing from 14 production wells,

without using any injection processes and without drilling new seven wells (without
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doing anything), so it will give almost less oil production results as compared with the

other cases which will be discussed later in this chapter.

Time-Line View of Recurret Data
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Figure 4-7 : Time Line View of DNC.

The time line view (figure 4-7) show that there is no injection wells working,
just produce from the production wells.

DNC scenario had been done by wusing production parameter as
follows:(production rate 100 m3/day and production pressure of 200 kPa), and the
injection wells are closed , so the changes in injection parameters will not effect on
the DNC performance.

See figure 4-8 below of plotting DNC.
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Figure 4-8: Plotting of (Cumulative Oil SC, Oil Rate SC, Water Cut SC %,
Recovery Factor) Versus (Time) of DNC.

Figure 4-8 is the DNC scenario which had been done and plotting of the results:

cumulative oil sc, oil rate sc, water cut sc %, oil recovery factor) versus (time) as a

prediction of the field performance till 2026.

The figure 4-8 shows a significant increase in the value of cumulative oil from

2015 to 2026. It was found that the value of cumulative oil was 728779bbl in 2015

and become 2.69E06 bbl in 2026 and also chart shows the average oil production rate
where it was 449.8bbl/day before 2015 and become 523.54 bbl/day from 2015 to
2026 and the water cut in 2026 and it was 87% and the Recovery factor it 1.26 % was
in 2015 and become in 11.23 % 2026. See table 4-5 of DNC results:
Table 4-5: Results of DNC Scenario at 2026

Injection Steam ) _ Wat
Temperatur | Cumulative | Oil rate RF
Case rate 0 qualit _ Cut
e(C) oil (bbl) (bbl/day) (%)
(m3/day) y %
* * * 2.69E06 523.54 | 87 | 11.23
DNC
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4.2.2 Case Two: Cyclic Steam Stimulation (CSS)

CSS means using Cyclic Steam Stimulation on the injection wells as a

mechanism to produce oil (CSS consist of: Injection period then soaking period then

production period), to better increase the productivity from the production wells. See

figure 4-9 time line view.
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Figure 4-9: Time Line View of CSS.

In this case one cycle with soaking period of 5days, periodic injection of steam

for 14 days in 10 injection wells, then produce from 14 production wells with the

same production parameters.

Four different scenarios with different parameters had been done for the CSS

case. Table 4-6below illustrate the CSS scenarios which had been done.
Table 4-6: CSS Scenarios.

Case Injection rate Temperature (°C) Steam quality Color
(m3/day) (fraction)
250 200 0.8 Red
CSS 210 250 0.7 Blue
180 350 0.6 Green
120 300 0.5 Magenta
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There are no significant changes between the results of CSS scenarios, but the
scenario of using Injection rate of 210(m3/day), Steam quality of 0.7 and with steam
temperature = 250°C is slightly better than the others. See figure 4-10 of cum oil

production of the all scenarios of CSS.
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Figure 4-10: Cumulative Oil SC for All Cases of CSS Scenario.
From the above figures there is no clear difference between the cases of CSS.
See figure 4-11which illustrate the results of the best CSS scenario between the others

scenarios.
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Figure 4-11: Plotting of (Cumulative Oil SC, Oil Rate SC, Water Cut SC %o, QOil
Recovery Factor) Versus (Time) of The Best CSS Scenario.

The above figure illustrate a significant increase in the value of cumulative oil
from 2015 to 2026. It was found that the value of cumulative oil was 728779 bbl. in
2015 and become 2.71E06bbl in 2026 and also chart shows the average oil production
rate where it was 446.1 bbl./day before 2015 and become 363.24 bbl/day from 2015
to 2026 and the water cut in 2026 and it was 86.8% and the Recovery factor it was 1.2
% in 2015 and become in 11.31 % 2026 The table below shows the production per

well separately and the total of cumulative oil for all wells . See table 4-7 results of

CSS scenarios which had been done.
Table 4-7: Results of All CSS Scenarios.

Case Injection | Temp Steam Cumulative Oil Water | RF
Rate (°C) quality Qil-sC Rate | Cut-SC| (%)
(m3/day) (fraction) (bbl) (bbl/day) (%)
250 200 0.8 2.7E06 357.3 86.5 | 11.27
CSS 210 250 0.7 2.71E06 363.24 86.8 | 11.31
180 350 0.6 2.69E06 361.12 86.7 | 11.23
120 300 0.5 2.696E06 359.5 87.2 | 11.25

quality of 0.7 and with steam temperature of 250°C is slightly better than the others.

The table of CSS results show that using Injection rate of 210(m3/day), Steam
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4.2.3 Case Three:Infill wells (Cold)

After that seven new wells was drilled in the middle of each four wells (infill
wills), in order to design the main project which is steam injection, the total wells
become 21 wells and has also worked on cases infill wells cold and infill wells CSS
before applying steam injection into the field.

Infill wells (cold) is like DNC, there is no injection wells, but producing from 21
production wells, without using any injection processes (without doing anything), so
it will give almost better oil production results than the DNC scenarios or even if CSS

scenarios. See time line view (figure 4-12).
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Figure 4-12: Time Line View of Infill Wells DNC
From the time line view it is clear that is there is no injection process, just
producing from 14 wells + 7 new wells (infill wells); so the total production in this
case is from 21 wells. Scenario had been done with the same production parameters
(production rate 100 m3/day and production pressure of 200 kPa). The injection
parameters will not effect on the performance of this case, because the injection wells

are in shut-in situation, and produce without doing anything (cold production).
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Figure 4-13showing theplotting of infill wells (cold) scenario.
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Figure 4-13: Plotting Of (Cumulative Oil SC, Oil Rate SC, Water Cut SC %, QOil
Recovery Factor) Versus (Time) Of Infill Wells (Cold) Scenario.

The figure 4-13 shows a significant increase in the value of cumulative oil from
2015 to 2026. It was found that the value of cumulative oil was 728779bbl in 2015
and become 3.3E06bbl in 2026 and also chart shows the average oil production rate
where it was 481.4bbl/day before 2015 and become 680.2bbl/day from 2015 to 2026.
It is noted from the figure sudden drop in the middle of the year 2024.And the water
cut in 2026 and it was 95.72% and the Recovery factor it was 1.2 % in 2015 and
become in 13.78 % 2026 .
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Table 4-8: Results of Infill Wells (Cold) Scenario

Injection | Temp Steam Cumulative Oil Water RF
Scenario Rate °c) quality Qil-SC Rate Cut-SC | (%)
(m3/day) (fraction) (bbl) (bbl/day) (%)
Infill 250 200 0.8 3.3E06 680.2 95.72 | 13.78
wells
cold

Table 4-8illustrate the results which had been gained from the simulation done
for the infill will (cold)

4.2.4 Case Four - Infill wells (CSS)

After infill wells (cold) the field is developed to Cyclic Steam Stimulation

(CSS) by the same soaking period 5 days and one cycle per year and using the

samedifferent injection parameter, withthe same production parameters said before.

See figure 4-14 the time line view. See table 4-9 of the scenarios done in this case
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Figure 4-14: Time Line View of Infill Wells CSS
Figure 4-14 show the CSS and producing from 21 well instead of 14 wells
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Table 4-9: Infill wells (CSS) scenarios.

Injection Rate Temperature (°C) Steam Color
Scenario (m3/day) quality(fraction)
250 200 0.8 Red
210 250 0.7 Blue
Infill wells CSS
180 350 0.6 Green
120 300 0.5 Magenta

Four different scenarios with different injection parameters (table 4-9) had been

done. See figure 4-15 of cumulative oil sc For the Scenarios of Infill Wells (CSS).
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Figure 4-15: Cumulative Oil-SC For the Scenarios of Infill Wells (CSS).

It is clear from figure 4-15 that the Cumulative oil-SC of the 1% case is the

optimum one, it is value is 3.6 MM bbl. Figure 4-16 illustrate plotting the results of

the best infill wells css scenario.
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Figure 4-16: Plotting of (Cumulative Oil SC, Oil Rate SC, Water Cut SC %o, QOil

Recovery Factor) Versus (Time) of Infill Wells (CSS).

Above figure illustrate a significant increase in the value of cumulative oil from
2015 to 2026. It was found that the value of cumulative oil was 728779 bbl in 2015
and become 3.6E06 bbl in 2026 and also chart shows the average oil production rate
where it was 481.4 bbl/day before 2015 and become 698.5 bbl/day from 2015 to
2026, and the water cut-sc % in 2026 and it was 94% and the oil recovery factor it
was in 1.2 % 2015 and become in 15.03 % 2026.
Table 4-10: Results of Infill Wells (CSS) Scenarios.

Scenario | Injection | Temp Steam Cumulative Oil Water RF
Rate °c) quality Oil-SC Rate Cut-SC | (%)
(m3/day) (fraction) (bbl) (bbl/day) (%)
250 200 0.8 3.6E06 698.5 94 15.03
210 250 0.7 3.575E06 600.7 94.26 | 14.92
Infill

wells CSS 180 350 0.6 3.6E06 595.3 94 15.03
120 300 0.5 3.53E06 597.35 94.5 14.74
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It is clear from table 4-10 that the 1% scenario of using injection rateof 250
m3/day, temperature of 200°C and steam quality of 80%:; is the optimum scenario for
CSS with infill wells.

4.2.5 Case Five: Steam Flooding (SF)

The injection of steam from injection wells toward the production wells to more
decrease for oil high viscosity and thus improve the recovery factor of the field. By
using the seven new wells (1-7) as injectors and others as producers.In steam flooding
scenario using continuous steam injection instead of cyclic steam injection. See figure

4-17 time line view.
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Figure 4-17: Time Line View of SF.
It is clear as shown in the time line view; in SF case using continues steam
injection by the seven new wells, and producing from the production wells.
Four different scenarios with various injection parameters of steam flooding

have been done, see table 4-11 below of SF scenarios:
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Table 4-11: SF scenarios.

Scenario Injection Rate Temperature (°C) Steam Color
(m3/day) quality(fraction)
250 200 0.8 Red
Steam flooding 210 250 0.7 Blue
180 350 0.6 Green
120 300 0.5 Magenta

Table 4-11 shows the 4 scenarios which had been done for SF process, the
results of simulation model after built & run it & getting variable results, it had been
found that the 1% set of steam injection parameters is the best and get the highest
results of: cumulative oil production, oil rate, oil recovery factor and with the lowest
water cut % among the other scenarios. See figure 4-18 plotting of cumulative oil of

the steam flooding cases.
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Figure 4-18: Plotting of Cumulative Oil SC forThe Steam Flooding Cases.
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It is clear from figure 4-18 that the 1% case of steam flooding of applying
injectionof 250 m3/day with steam quality of 80% and temperature of 200°C is the
optimum which is equal 4.889E06bbl.

See figure 4-19 of plotting the results of the best SF scenario.
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Figure 4-19: Cumulative QOil, Oil Rate, Water Cut and Recovery Factor For
Steam Flooding

Above figure illustrate a significant increase in the value of cumulative oil from
2015 to 2026. It was found that the value of cumulative oil was 728779bbl in 2015
and become 4.889E06bbl in 2026 and also the figure shows the average oil production
rate where it was 470.34bbl/day before 2015 and become 1053bbl/day from 2015 to
2026.

The water cut-sc % in 2026 is 49% and the Recovery factor it was 1.2 in 2015
and become in 20.41 % 2026.
See table 4-12 cumulative oil production from individual wells of the best SF

scenario:
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Table 4-12: Cumulative Oil of Wells For Steam Flooding

Well No. Well name Cumulative
Qil
Production
(Mbbl)
1 HHH-2 123.3
2 HHH-20 446.32
3 HHH-21 381.8
4 HHH-22 1181.3
5 HHH-55 231.93
6 HHH-56 590.91
7 HHH-57 255.7
8 HHH-58 110.42
9 HHH-59 280.443
10 HHH-60 154.77
11 HHH-61 241.44
12 HHH-62 221.96
13 HHH-63 353.4
14 HHH-68 313.3
Total 14 wells 4889

The above table illustrates the individual production from each well of thebest
SF scenario.
See table 4-13 of the overall result of the four SF scenarios which had been

done.
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Table 4-13: Results of SF scenarios.

Scenario | Injection | Temp Steam Cumulative Oil Water | RF (%)
Rate °C) | quality Qil-SC Rate | Cut-SC
(m3/day) (fraction) (bbl) (bbl/day) (%)
250 200 0.8 4.889E06 1053 49 20.41
Steam 210 250 0.7 4.868E06 1038.8 51.6 20.29
flooding
180 350 0.6 4.7E06 997.1 55 19.49
120 300 0.5 4.17E06 872.7 62 17.45

From the above table it is clear that the scenario of using injectionrate of

250m3/day, steam quality of 80% and with steam temperature 200 °C; give the best

results, so its parameters are the optimum one to be applied in FNE field, also the

scenario of using injectionrate of 210m3/day, steam quality of 70% and with steam

temperature 250 °C as it is shown in the table 4-14 has good results, it can be applied

to the field. Finally see table 4-14 for final results.
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4.3 Final Results
Table 4-14: Summary Table Showing the Overall Results of All Cases Done

Scenario Injection | Temp | Steam | Cumulative Oil Water RF
rate (°C) | quality oil rate cut (%)
(m3/day) (%) (Mbbl) (bbl/day) (%)
DNC - - - 2690 520 87 11.23
250 200 0.8 2700 357.3 86.5 | 11.27
CSS 210 250 0.7 2710 363.24 86.8 11.31
180 350 0.6 2690 361.12 86.7 11.23
120 300 0.5 2696 359.5 87.2 11.25
Infill wells - - -

cold 3300 680.2 95.72 | 13.78
250 200 0.8 3600 698.5 94 15.03
Infill wells 210 250 0.7 3575 600.7 94.26 | 14.92
CSS 180 350 0.6 3600 595.3 94 15.03
120 300 0.5 3530 597.35 94.5 14.74
250 200 0.8 4889 1053 49 20.41
Steam 210 250 0.7 4860 1038.8 51.6 20.29
Flooding 180 350 0.6 4669 997.1 55 19.49
120 300 0.5 4181 872.7 62 17.45

Table 4-14 illustrates the overall results from the graph results for each run that

have been done in this thesis, and shows that when the injection rate increase the

cumulative oil increase, also the water cut (%) increase.

Also when the injection rate increase, the oil rate increase. The production rate

of hot fluids starts higher than that of the primary cold production. However, the rate

declines with time as heat is removed with produced fluids.

Also it is clear from the table that the optimum steam injection parameters are:

injection rate of 250 m3/day and temperature of 200 (°C) and steam quality equal

80%. To be applied as steam flooding parameters in FNE. It gives the highest
cumulative oil (4.889 MM bbl) and the best Qil rate (1053 bbl/day) all that with less

water cut 49 % which is favorable and acceptable value. In the next chapter the

conclusion and recommendations of this thesis.
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Chapter 5: Conclusion & Recommendations

5.1 Conclusion

Data has been collected and analysis has been done to select the optimum
location (FNE field).

e Simulation models have been built using .

e Different development scenarios have been done such as( steam flooding
scenario with : DNC, CSS, infill wells cold and infill wells CSS)

o four different cases has been done.each scenario;

e It has been found that the production with CSS only;the RF can reach 15.03
% while converting the current CSS to steam flooding gives RF up-to 20.41%.

e The optimum injection parameters for steam flooding which have been found
are: (Steam injection rate = 250 ms/ day, steam temperature = 2001 C and

Steam Injection Quality = 80%.
5.2 Recommendations

e Running economic evaluation for SF project before the implementation.

e Detailed designing for the facilities.

e Detailed study for the environmental effects.

e It is highly recommended to start the implementation of converting the
current CSS to SF.
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