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Summary:

The oil industry has been an important source of conventional energy. The enhanced oil
recovery (EOR) method is one of the most efficient methods in the oil recovery process.
Using an advanced multi-lateral well model in the oil recovery process created an
exceptional benchmark. In this study, simulation was conducted for both the WAG
injection and CO2-WAG injection using FCDs in an advanced horizontal well in the
OLGA and ECLIPSE simulator. CO2-WAG injection has a better oil production rate than
WAG injection because of the miscibility characteristics of CO. with oil. CO>-WAG
injection can be simulated only for advanced horizontal wells in the ECLIPSE simulator
by the solvent model. The solvent model can not be used for the multisegment well
model.

Preventing early water and gas breakthroughs is challenging in the oil recovery process.
To overcome this issue inflow control technologies like ICD, AICD, and AICV are
introduced. This study result showed that AICD and AICV have a better choking effect
on low viscous fluids like water and gas delaying their early breakthrough in the pipe.
Before the water breakthrough, the AICD and AICV valve was fully opened for oil
production. A new mathematical model was implemented in the algebraic controller to
control the valve opening of AICD. AICD valve opening gets closed better with the
increasing rate of water cut.

Optimizing the water/CO- injection ratio for the CO2-WAG injection EOR is also an
important factor for better oil recovery. In this study, CO>-WAG injection EOR was
simulated for several water/CO; injection ratios and the result showed the ratio of 1.5
has the optimum oil production considering the water production as well. In conclusion,
the CO2-WAG injection and the WAG injection EOR are successfully simulated for both
the advanced horizontal well and the multi-lateral well using the inflow control devices
in the OLGA and ECLIPSE simulator.
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Effective viscosity of oil

Effective viscosity of gas

Todd-Longstaff mixing parameter

Discharge coefficient

Density of the fluid mixture

Viscosity of the fluid mixture

Volume fractions of oil in the fluid mixture
Volume fractions of water in the fluid mixture
Volume fractions of gas in the fluid mixture

Pressure drop over the restrictor

Geometrical constant

11

m3/s
m3/s
m3/s
m3/s
Pa

kg/m?®
m/s

kg/m?®

Pa



Abbreviations

NCS
IOR
EOR
AMW
FCD
ICD
AICD
RCP
AICV
WAG
Gl
WF
FWL
PVT
API
MSW
GOR
GLR
wC

Norwegian Continental Shelf
Improved Oil Recovery

Enhanced Oil Recovery

Advanced Multi-lateral Well

Flow Control Devices

Inflow Control Devices
Autonomous Inflow Control Devices
Rate Controlled Production
Autonomous Inflow Control Valves
Water Alternating Gas

Gas Injection

Water Flooding

Free Water Level
Pressure-Volume-Temperature
American Petroleum Institute
Multi-Segment Well

Gas-0il Ratio

Gas-Liquid Ratio

Water Cut

12



1 Introduction

1.1 History and Statistics

The history of oil goes before the modern era when it was used as a material for construction
and to light lamps. The very first well oil was drilled in China in 347 AD [1]. From then crude
oil became one of the biggest conventional energy sources creating a large business industry.
Technological development is continuous for more efficient recovery of crude oil. The first
modern oil well was drilled in the year of 1857 in the town of La Brea, Trinidad [2]. Figure 1.1
shows the consumption rate of three major fossil fuels from 1965 to 2022. Oil is one of the
most consumed energy sources shown in the chart.

120,000 TWh
100,000 TWh
80,000 TWh
60,000 TWh
40,000 TWh

20,000 TWh

TWh
1965 1970 1980 1990 2000 2010

Figure 1.1: Global consumption of gas, coal, and oil [2].

Figure 1.2 shows the global oil consumption rate from 1965 to 2022 in different regions of the
world.

=L =

0TWh 500 TWh 2,000 TWh
Nodata | 200 TWh | 1,000 TWh | 5,000 TWh
[ A | 1 I 1

Figure 1.2: Global oil consumption by countries from 1965 to 2022 [2].
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Norway is one of the largest oil producers in Europe and in the history of the last 50 years,
Norway has produced and sold 55% of the recoverable resources from the Norwegian
Continental Shelf (NCS). It also indicates the future potential to produce more oil in the
upcoming 50 years [3]. Figure 1.3 shows the history of recovered oil and the expected oil
production till 2028 [3].

3004 5.0

2
2404 0=
0
; IIII -
“; 1801 3.0 §
b [ &
c o
S 120 20 @
= 8
60+ ' 1.0 %
i 2
O' ) 1 I 1 O O
=) o o o o o w
™ 0 = o — ~ o~
[=2] [=3] [=;] o o (=} [=]
— — — o~ ~ ™~ ™~
®m Qil ®m Condensate NGL ®m Gas (40 MJ) ® Total per day

Figure 1.3: Recovered and expected oil production in Norway [3].

1.2 Modern technology

Producing oil from the reservoir has always been a challenging task. Reducing the production
rate of unwanted water and gas has been the major obstacle to the maximum recovery of oil.
Because of early breakthroughs of water and gas, the reservoir needs to be shut down though a
considerable amount of oil can be recovered To prevent this phenomenon flow control devices
such as ICD, and AICD are developed. These two inflow control devices can prevent early
water and gas breakthroughs and increase the reservoir life. Further technology development
introduced AICV considering the choking effect for low viscous fluids like water and, gas [4].

Using the multi-lateral well is one of the most economical and sustainable solutions for
maximum oil recovery. Because of the geological complexity in some parts of a reservoir, it is
very difficult to recover oil. Multi-lateral wells can be a solution to those geological complex
zones. Advanced multi-lateral wells are vastly used in the Norwegian Continental Shelf (NCS)
and in the last two decades more than hundreds of multi-lateral wells have been drilled for oil
production [5].
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1.3 Task description

1.3.1 Objectives

1. Literature study on Enhanced oil recovery (EOR) with CO2-WAG injection, WAG injection,
and advanced multi-lateral wells (AMW).

2. Development of oil models for the simulation of oil recovery through advanced horizontal
wells.

e Performance of the horizontal well using different types of flow control devices (FCD)
in OLGA multiphase flow simulator coupled with ECLIPSE. The heterogenous PUNQ-
S3 reservoir was designed in ECLIPSE.

e The mathematical development for valve opening control with the algebraic controller
for autonomous inflow control device (AICD) in OLGA.

e Performance analysis between enhanced CO,-WAG and WAG oil recovery in
ECLIPSE for PUNQ-S3 reservoir.

e Performance analysis of CO2-WAG injection for different water/CO> inejction ratios.

3. The performance of advanced multi-lateral wells (AMW) model with different types of
FCDs for the simulation of oil recovery in ECLIPSE.

1.3.2 Outline

This study contains six chapters. The first chapter contains the study background and overview
of the oil recovery process. Chapter Two discusses the literature study and overview. Chapter
Three contains a theoretical study related to the study. Chapter Four describes the simulation
setup for the oil model and Chapter Five discusses the result analysis and discussion. Finally,
Chapter Six concludes the study of this thesis.
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2 Literature review

Oil recovery can be classified into three methods illustrated in Figure 2.1. Initially, oil can be
extracted from the drilling of a well from the surface to the underground reservoir. Pressure
from the reservoir drives the oil through the well bore and then can be extracted by using some
mechanical devices such as a mechanical pump or any electric-driven multistage submersible
pump. This process continues till the surface pressure exceeds the reservoir pressure. This
process is known as Primary oil recovery. Potentially only 5% to 15% of oil can be recovered
using the primary oil recovery method [6]. Injecting water or gas to move the remaining
reservoir oil to the production pipe is commonly known as the secondary oil recovery method.
In this method 20% to 40% of the total volume of oil in the reservoir is extracted which can
extend the life of the production of a reservoir [7]. This method is also known as improved oil
recovery (IOR). Further oil production can be increased by using enhanced oil recovery or
tertiary oil recovery methods. Combinations of chemicals, thermal energy, or infusion of
microbials are some examples of this method. Reservoir rock and fluid properties, capillary
pressure within the porous medium, relative permeability, interfacial tension, and wettability
can be alternated in enhanced recovery methods [8].

Rock & liquid expansions drive Depletion drive
Combination Drive Gas cap drive
Water drive Gravity drainage drive

[ Secondary recovery ]

[ Waterflooding ] [ Immiscible gas injection ]

[ Chemical ][ Miscible Injection ][ Forefront ][ Thermal ][ Microbial ][ CO, immiscible displacement ]

Figure 2.1: Classifications of oil recovery methods [6].

16



2.1 Water-alternating gas (WAG) injection

One of the most used methods to enhance the extraction of the remaining oil from the reservoir
is the water alternating gas injection method. Because of its good performance in hydrocarbon
reservoirs, the oil and gas industry is very much interested in water alternating gas injection as
a reasonably advanced technology. The primary objective of the WAG projects is to combine
the advantages of gas injection (GI) and waterflooding (WF) to manage mobility and reduce
the issue of viscous fingering, resulting in enhanced oil recovery [9]. In this way, injected gas
pushes the oil from the porous medium and makes it easier to use the waterflooding process to
drive oil toward the production pipe. Figure 2.2 illustrates the process of the WAG injection
method in a reservoir where two-phase zonal isolation can be seen, with one WAG zone and a
miscible zone. Residual oil is driven from the WAG zone to the miscible zone and finally, oil
is recovered by the production pipe [10].

Gas segregation to the top leads to a
«l very efficient miscible displacement

Residual oil to water is reduced by Lower part of the formation is
gas flooding mainly contacted by water

Figure 2.2: Simple diagram of WAG injection method [10].

The WAG injection process can be done using natural gas, N2, and CO- gas. In terms of the
WAG injection process, production efficiency can be hampered by thermodynamic conditions
of Water flooding (WF) and gas injection. For this reason, major challenges can be classified
for many field applications such as early breakthrough, loss of injectivity, corrosion and
asphaltene, and hydration formation [9].

2.2 CO; enhanced oil recovery (EOR)

2.2.1 Miscible CO,-EOR

One of the most advanced techniques used in enhanced oil recovery is miscible COz injection.
CO2 EOR was first experimented in the early 1970s in West Texas. More than 5% of oil
production in the USA comes from this technique [11]. Figure 2.3 shows that CO, EOR is
becoming more popular in the 21% century because of oil production improvement for oil
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reservoirs and its positive environmental impact on minimizing carbon emissions. Controlling
carbon emissions to nature is one of the most alarming events nowadays [12].

2000 2010 2015 2020 2025 2035 2040
lThermal EOR wmChemical EOR = CO2 EDR Other gas EOR

Figure 2.3: Sustainable EOR methods over the period [12].

mb/d

In this technology, CO- acts as a solvent and is mixed with the remaining oil in the reservoir.
The homogeneous mixture of oil and gas can easily be recovered to the surface. Also, CO> is
economically viable to use [13]. Figure 2.4 illustrates the miscible process of CO, EOR with
simultaneous injection of water and gas, where COz is being dissolved in the crude oil and as
a result, the viscosity of oil reduces because of CO2 swelling. Using alternated water flooding
helps the low viscous CO2 not to surpass way ahead of the driven oil which can result in
fingering problem [13].

Production Well

Injection Well

Injected CO, CO; and Oil expands and moves
encounters trapped oil oil mix towards producing well

Figure 2.4: CO,-WAG injection method [13].
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2.2.2 CO; properties for EOR

CO2is non-combustible in nature and is also a color and odorless gas. The molecular weight is
44.01 gm/mole which is denser than air. Figure 2.5 shows the behavior of CO; in a density vs
temperature plot. Below the critical temperature and pressure, COz is either in the gas phase or
in the liquid phase. With increasing pressure, it goes into the supercritical region [14].

1200

Liquid

Supercritical Region

Pressure

]
I
1
I
]
: _(MPa)
]
)
]

Density (kg/m3)
Region

Two-phase

-
~
-
-
ettt X
-

0 30 60 9 120 150 180 210
Temperature (°C)

o Critical
Point

_ __ Supercritical

Vaporization
o~ Boundary

Curve
Figure 2.5: Density behavior of CO; in different pressure and temperature [14].

According to this plot, the critical properties of CO. are given below-
Table 2.1: Properties of CO2 in critical condition [15].

Parameter Value
Tc 31.05°C
Pc 73.9 bar

Variations in pressure, temperature, and composition of oil are responsible for oil swelling.
Swelling means the solubility of CO- in residual oil. It is a vital factor as the residual oil
saturation is inversely proportional to the swelling factor [16].

CO2 reduces the oil viscosity and interfacial tension because of dissolving in oil. However, the
total viscosity reduction depends on the initial viscosity. Interfacial tension reduction increases
the relative permeability of oil in the relative permeability curves [16]. Also, gravity
segregation can be reduced due to the less density difference between oil and water as a result
of CO> dissolvent [16].
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2.2.3 Immiscible CO2-EOR

When CO: is injected below miscible pressure into the reservoir, it is known as immiscible
CO2 EOR. COz2 injection pressure and reservoir temperature are considered two of the most
important factors which enable the dissolving of CO in oil and as a result, the impact can be
seen in the productivity of the immiscible COzinjection process [17]. Because of the increasing
temperature in the reservoir, the mobility of gas molecules increases, for which the solubility
of CO> decreases. Higher activity of gas molecules tends to get separated from the oil solution
rather than dissolve in it. For higher recovery purposes lower reservoir temperature and higher
injection pressure but below miscible pressure is a requirement [17]. On the other hand, in the
heavy oil recovery process, it is quite difficult to reach miscible displacement, hence
immiscible CO» technique is recommended for heavy oil reservoirs [18].

2.3 Advanced well technology

For maximum oil recovery, some considerations are needed such as, more contact with the
reservoir, preventing early gas, and water breakthrough, and minimization of the heel-toe
effect. For better reservoir contact long horizontal wells and multi-lateral wells can be the
perfect options. Pressure drop in long horizontal pipes occurs because of fluid friction in the
production pipe and pressure drop has a proportional relation to flow rate, fluid density,
diameter, and length of well. As a result, the pressure drop is increased in longer pipes with
increasing pressure differences in the heel and toe sections. This early water and gas
breakthrough can be found in the heel section which is shown in Figure 2.6 [4]. The different
permeability of a heterogeneous reservoir is another reason for uneven oil production.

Figure 2.6: Water and gas breakthrough in heel section [4].

Multi-lateral wells are the most famous in advanced well technology as more reservoir contact
can be gained. From the main wellbore, multiple branches are extracted in the reservoir either
at the same depth or at different depths. Lateral extends and respective depths are the two key
factors in designing multi-lateral wells. Numerous combinations can be found using these
factors to have more reservoir contact [19]. Figure 2.7 shows the basic designs of multilateral
wells. Stacked dual lateral can be designed in the same vertical plane in the same direction or
a different direction. In the same horizontal plane, laterals can be designed and if the laterals
are in opposite directions, it can be named as gullwing. Herringbone patterns or fishbone
pattern laterals are different types where multiple laterals are drilled out from one single
horizontal wellbore.
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Dual lateral (stacked) | Dual opposed and | Dual lateral (planar) Dual lateral Herringbone pattern
stacked opposed triple (planar opposed) (planar opposed dual
lateral lateral)

Figure 2.7: Classification of multi-lateral wells [19].

2.4 Flow control technology

To prevent the early water and gas breakthrough, flow control devices were developed such as
inflow control devices (ICD) and autonomous inflow control devices (AICD). These devices
enhance reservoir life and improve oil recovery. A brief description of flow control devices is
given in the next subchapters.

2.4.1 Inflow control device (ICD)

ICD can be referred to as a flow balancing device which is a part of the sandface completions
hardware to delay the early water and gas breakthrough. It seeks to decrease annular flow and
balance the inflow profile of the horizontal well at the cost of a small additional pressure drop
[20]. ICD is classified into three categories such as channel-type ICD, nozzle-type ICD, and
orifice-type ICD [21]. Channel type ICD has some helical paths with pre-determined diameter
and length which specific differential pressure can be imposed at a specified flow rate [21].
Figure 2.8 also illustrates its flow pattern.

Figure 2.8: Channel-type ICD with its flow pattern [21].

In terms of nozzle-type ICD, fluid passes through some preconfigured nozzles where extra
pressure resistance is generated. Pressure drop is highly sensitive to the density of fluid and not
dependent on the viscosity [20]. Figure 2.9 shows the flow pattern for nozzle-type ICD.

/

/ / 4 . /
G A R

Figure 2.9: Nozzle- type ICD with its flow pattern [47].
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Orifice-type ICD is designed with different numbers of open orifices to adjust the differential
pressure. Each orifice is designed with pre-determined diameter and flow characteristics [21].
Figure 2.10 shows its flow pattern.

FloReg Flow Path

Through open +— 4— <+— <+— <«— Pointofentry

Into FloReg ICD orifices S AA A A / o

Figure 2.10: Orifice-type ICD with its flow pattern [48].

2.4.2 Autonomous inflow control device (AICD)

The main objective of the traditional ICD was to maintain the uniform flow in production zones
balancing completion pressure differences with the reservoir pressure differential. Maximized
oil production can be gained by maintaining equal flow which delays the influx of undesirable
fluids. For conventional ICD it is not possible to regulate a flow when a breakthrough of low-
viscosity fluids occurs. To maintain this phenomenon autonomous inflow control device
(AICD) was developed. This device minimizes the output from zones with undesirable fluid to
increase the oil production rate [22].

Figure 2.11: Flow pattern in AICD [23].

Figure 2.11 illustrates the streamlining of fluid through the Rate Controlled Production (RCP)
valve which obstacles the flow stream of low viscous fluid. Because of the high inlet fluid
velocity, pressure drops on the other side of the valve. Then the total force acts on the disc and
it moves towards the inlet to prevent the fluid flow with less flow area. [23].

Figure 2.12: AICD mounted on sand screen joints [23].

RCP valves are mounted on sand screen joints which is shown in Figure 2.12. Reservoir fluids
pass through the sand screen filter via annulus to reach the inflow control housing where AICD
is installed. Then fluid passes through the AICD to enter into the production well and rises to
the surfaces along with the output from other screens. Filter section and AICD housing consist
same outside diameter ensuring the optimized AICD screen design [23].
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2.4.3 Autonomous inflow control valve (AICV)

To enhance the oil recovery the most modern inflow control technology invented is the AICV.
Early water and gas breakthrough is prevented for a longer time most efficiently by the choking
effect of AICV. It is mounted in the same way as the ICD along the production pipe. Figure
2.13 shows the AICV mounted on the production pipe.

Sand Screen AICV Base Pipe

T

Figure 2.13: AICV mounted on a production pipe [24].

In a heterogeneous reservoir thin oil layer is found between a gas cap and the underlying
aquifer. For this kind of oil field, the AICV is the best solution for oil recovery. In a study, it
was found that AICV has a higher oil production rate of 48.7% than conventional ICD and
sand screens. AICV has also less cumulative gas production of 22.5% and 26.7% compared to
ICD and sand screens respectively [24].

In the AICV there are two flow restrictors, one is laminar and the other is turbulent flow
restrictors. Turbulent flow restrictor consists of a thin orifice plate and laminar flow restrictors
is a spiral piping element [4]. Figure 2.14 shows the oil flow to the production pipe in the
AICV.

AICV main inflow

LFE
(Laminar Flow Element)

Figure 2.14: Flow path of oil through AICV [49].
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3 Theoretical background

Simulating an oil well requires a clear understanding of the theoretical background. In this
chapter fundamental principles and mathematical formulations are discussed including the
main parameters of a reservoir rock and fluid and mathematical derivations of the flow control
devices (FCDs).

3.1 Reservoir rock properties

In the first place, mineral composition, particle size, orientation, cementation level, and
compaction influence the properties of rock. Only eight major elements are present in the
minerals that make up the majority of the rock in the earth's crust: O, Si, Al, Fe, Ca, Na, Mg,
and K. The qualities of rocks are influenced by their grain size and orientation. For example, a
rock with tiny grain size and good alignment would have low porosity. Then, permeability and
porosity will be related, but this does not imply that high porosity would have high
permeability. Additionally, cementation and porosity will be related. Cementation increases
and porosity decreases with increasing deepness. Figure 3.1 shows the formation of rocks
below the surface and the fluid positioning according to their density [25].

Figure 3.1: Rock formation in a reservoir [25].

3.1.1 Porosity ()

Reservoirs with sandstone and limestone which are formed from sand grains and carbonate
particles have frequent irregularities in shape. As a result, void space created among those
grains is known as pore space and is occupied by liquid or gas. Porosity can be defined as the
ratio of pore volume to the bulk volume of a reservoir and the mathematical expression is
shown in Equation 3.1 [26]:

—_— = — 3.1
7 7, 3.1)

Where @ is the porosity, V}, is the bulk volume of the reservoir rock, V, is the grain volume
and, 1, is the pore volume.
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Different types of pores can be found in the porous medium of a reservoir. Figure 3.2 illustrates
the types of pores in a reservoir rock such as dead-end, isolated and interconnected pores [27].

Dead end or
cul-de-sac pore

4—— Rock grains

Isolated or

~ 4—— Interconnected pore
closed pore :

Figure 3.2: Types of pores in a reservoir [27].

3.1.2 Permeability (k)

The ability to flow the fluids through pores of rocks is defined as permeability. Figure 3.3
displays the permeability in a reservoir according to the rock porosity. When only one fluid
flows through a permeable zone it is called absolute permeability (k) whereas effective
permeability (k,) is defined when more than one fluid flow is found. In this case, the
permeability of each fluid decreases because of the presence of multiple fluid flows [28].

no unconnected connected
pore spaces pore spaces pore spaces

—

NnoN-porous porous porous
non-permeable non-permeable permeable

Figure 3.3: Permeability relation with porosity in reservoir [28].

A French civil engineer, Henry Darcy, developed an equation for fluid to interpret absolute
permeability in a porous medium which is commonly known as Darcy’s law. He conducted a
simple test with a core sample which is shown in Figure 3.4 that leads to a mathematical
formula mentioned in equation 3.2 [26]:
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Figure 3.4: Core sample test for Darcy's law [26].

_q _ kdp
v—AC— Ll (3.2)

Where k is the permeability, v is the fluid velocity, q is the flow rate, [ is the length of the core
sample, u is the viscosity of the fluid, % is the pressure gradient, A, is the cross-sectional area
of core volume.

3.1.3 Relative permeability (k,.)

In most cases, the reservoir can be found with multiphase fluid as the reservoir rocks are
saturated with at least two fluids, for example, oil and water or oil and gas or gas, oil, and water.
Thus, the concept of effective permeability is generated. Relative permeability can be defined
as the ratio of effective permeability to absolute permeability and the mathematical formula is
given in the below equation 3.3 [27]:

ke

ey == (3.3)

For oil, water, and gas the effective permeability can be written as k.,, ke, and kg4
respectively and the relative permeability as k., k., and k4.

Figure 3.5 illustrates the relation between relative permeability and saturation curves for water-
wet and oil-wet rock. S,,. is denoted by irreducible water saturation and S,,., is denoted
residual or critical oil saturation. In the case of water-wet reservoir rock, below S, . water is
not mobile because of capillary forces and the relative permeability is zero. Below S, oil is
not mobile, and the relative permeability is also zero. In water-wet cases, the rock surfaces get
wet with water, and oil located at the center of the pores is surrounded by the water which
works as a lubricator. In the case of an oil-wet reservoir the pore surfaces are wetted by oil and
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the center of pores is occupied by the water. Generally, S, is lower in an oil-wet reservoir
rock than water-wet reservoir rock [29].
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Figure 3.5: Relative permeability curve for water-wet rock (left) and oil-wet rock (right) [29].

3.1.4 Wettability

Wettability is commonly known as the tendency of any fluid to adhere to or spread over a solid
surface or particles. Wettability is considered a key factor in reservoir engineering as capillary
pressure, relative permeability, and distributions of fluids within the reservoir rocks are highly
influenced by it [27]. In oil-wet conditions, rocks adhere to oil, and pores are occupied by
water. In water-wet conditions, rocks adhere to water, and pores are occupied by oil. When
small pores are occupied by water-wet and on the other hand large pores are occupied by oil
can be defined as mixed wet. Figure 3.6 shows the wettability state of water-wet, mixed-wet,
and oil-wet [30].

Water-Wet Mixed-Wet 0il-Wet

[ 0il [ Brine (water) B8 Rock grains

Figure 3.6: Water wet, mixed-wet and oil wet in pore spaces [30].

3.1.5 Capillary pressure (P,)

The pressure difference between the interface of two immiscible fluids on a curved surface is
defined as the capillary pressure. Equation 3.4 represents the equation for capillary pressure
[26]:
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P.=PB,, — P, (3.4)

Figure 3.7 illustrates the change of water level in different capillary tubes over the free water
level (FWL) and the same events are also found in the reservoir porous medium [31].

Figure 3.7: Effect of capillary pressure in capillary tubes and porous medium [31].

3.1.6 Saturation of fluid

Fluid saturation can be defined as the ratio between the volume of a fluid phase to the pore

volume of a sample in a reservoir and it is denoted by S [27]. Equation 3.5 is the mathematical

representation of fluid saturation-

Total volume of the fluid phase
Pore volume

Fluid saturation (S) = (3.5)

For oil, water, and gas it can be denoted as S, S, and S, respectively.

3.2 Reservoir fluid properties

Some important physical properties of reservoir fluid are essential for reservoir simulation. In
this subchapter, some of these properties are described.

3.2.1 Classification of crude oil

Specific gravity (y,) most commonly used to classify according to financial perspective or
price. Specific gravity is expressed in equation 3.6 as the ratio of oil density and water density
at standard conditions at the temperature of 60°F [27].

_Po

. (3.6)

Yo

Another gravity scale known as API (American Petroleum Institute) or °API, is also used in oil
and gas industry and is expressed as [27]:
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°AP] = — — 1315 (3.7)

Yo

The API gravity classification of crude is shown in Figure 3.7 [32].

Extra Heavy Heavy Medium

10.0°  223° 31.1°
API Gravity

Figure 3.8: Crude oil classification by API gravity [32].

3.2.2 Reservoir fluids

Generally, fluids in a reservoir are found in two phases, gas, and liquid. Besides solid phases
can be found such as wax, asphaltene, and hydrates. For having a clear concept of
characterization according to the phase behavior and properties reservoir fluids can be
classified from an engineering point of view. Table 3.1 shows the classification and the fluid
characteristics [27]:

Table 3.1: Classification of reservoir fluid and its characteristics [27].

Reservoir fluid | API gravity (°) Viscosity (cP) Color of stock tank liquid
Black oils 15-40 2 to 3-100 and up Dark, often black
Volatile oils 45-55 0.25-21t0 3 Brown, orange, or green
Gas condensates greater than 50 In the range of 0.25 | Light-colored or water white
Wet gases greater than 50 In the range of 0.25 Water white
No liquid is formed
Dry gases and named as dry 0.02-0.05

3.2.3 Black oil model

For petroleum reservoir simulation the black oil model is widely used. Mainly it is assumed
that heavy component (oil) and light component (gas) are responsible for keeping the
composition of hydrocarbon constant and no mass transfer can be found between these two
phases. The black oil model consists of the following equations [33]:

Conditions of thermodynamic equilibrium
Equation of state

Darcy’s law for the volumetric flow rates

Mass conservation equation for each component
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Figure 3.9 illustrates the typical phase behavior of the black oil model. Vertical line 1-3
represents the pressure declination in a constant temperature. Above the bubble point (between
1-2) the reservoir is in an undersaturated state which means that the reservoir can absorb more
gas. Bubble gas starts forming at point 2 and below point 2 oil becomes saturated with gas. At
point 3 more gas comes out of the oil and in this state, the reservoir pressure cannot drive fluids
to the surface. A large percentage of the oil phase is recovered at the surface from a black oil
reservoir [34].
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Figure 3.9: Phase diagram of Black oil model [34].

3.2.4 Gas-oil ratio (GOR)

The solution gas-oil ratio is considered an important parameter to characterize an oil. It can be
defined as the ratio between the volume of gas to the unit volume of oil at standard pressure
and temperature. The mathematical expression of GOR is [35]:

v
GOR =2
Vo

(3.8)
3.2.5 Water cut (WC)

Water cut can be defined as the ratio volumetric flow rate of produced water to the volumetric
flow rate of total liquid produced. It can also be represented as the percentage [36]:

= Q—W = Q—W x 100% (3.9)
Ql QW + Qo

wc
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3.3 Mathematical models for inflow control devices

3.3.1 Passive inflow control device (ICD)

In Chapter 2, it is mentioned that to prevent the early water and gas breakthrough passive ICD
was developed, and the mathematical formula is expressed as follows [37]:

Q0 =CpA /Z%P (3.10)

Where Q is the volume flow rate of the fluid through the ICD, AP is the pressure drop over the
ICD, p is the fluid density, A is the cross-sectional area of the ICD nozzle, Cj, is the discharge
coefficient.

3.3.2 Autonomous inflow control device (AICD)

AICD is the improved version of ICD with the characteristics to delay the water and gas
breakthroughs and partially close for low-viscosity fluids like water and gases. The empirical
equation that describes the behavior of the RCP-type AICD:s is as follows [37]:

2 y o,
AP = aycp - (p;)””‘ >-(“C‘”) - Q% (3.11)

cal Umix

Where @ is the volume flow rate of the fluid through the AICD, AP is the pressure drop over
the AICD, ppix 1S the density of the fluid mixture, w,,;, is the viscosity of the fluid mixture.

aucp, X and y in the equation are user input parameters that depend on the AICD design and
the fluid properties, while p.; and u.,; are calibrating parameters. p,,ixand u,,i, are calculated
as mentioned below:

Pmix = Xoi1Poil + AywaterPwater + agaspgas (3-12)

Umix = Aoitloil + Awater Uwater + agas:ugas (313)

Where «a,;; is the volume fraction of oil in the mixture, a,, 4¢.r IS the volume fraction of water
in the mixture, a,,; is the volume fraction of gas in the mixture.

3.3.3 Valve opening control with Algebraic controller for AICD

Valve opening control is one of the most important functions of a flow control device. In this
study the AICD valve opening was controlled by logical mathematical expression in equation
3.14 from the relation of equation 3.7 and equation 3.9. Taking consideration of both water cut
(WC) and gas-oil ratio (GOR), the mathematical expression for the algebraic controller is
calculated.
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For ICD:

AP _ C’, pmixQZICD
10T e gy24202, (3.14)
. 2AP,
= Qicp = YACp — = IE.D (3.15)
mix*~u
For AICD:
2 y
pe. . 1 .
APyicp = aAICD-Trglg' (m) © Q% arcp (3.16)
1
o Oy = 1000 - APyrep * 1 i\ (3.17)
Afep Qarcp 'szix

Here Q is th flow rate, AP is the pressure drops, A is the cross-sectional area of the fluid flow,
Cp is the discharge coefficient, C, is the unit conversion value.

Pmix= XoitPoit T AwaterPwater t agaspgas

Hmix= Xoittoir + Ayater bwater + agasﬂgas

Aoil + Ayater + agas =1

Aoil, Awaters Agas are the volume fractions of oil, water, and gas in the mixture.

Now, matching AP — Q curves of ICD and AICD at AP,,4¢c, and Qpaecn POINtS We can get-

APicp = APpicp = APy (3-18)

QICD = QAICD (3.19)
From equation 3.15 and 3.17 we can get-

1
(1000.APmix)E
_ aAICD Y ﬂ
V= "HY iy TP 2x mix (320)
AC 2AP, iy
D C’-u
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xX—4

Y x=2
2V =B Wi PP i (3.21)

Yy

>y = ﬁ {aoil,uoil + Awaterbwater T agas,ugas}x (3 22)

xX—4
. 2
{aoilpoil + AwaterPwater + agaspgas} x

In the OLGA model, two transmitters are used to take the values of oil volume fraction (a,;;)
and (a,,qter) @S an input variable from the wellbore. Equation (3.22) is put as an expression
option in the algebraic controller in OLGA. To implement a,;;, @,,q4cer @S iNput variables into
the equation (3.22) they are introduced as unknown variables X1 and X2 in the algebraic
controller. The expression in the algebraic controller is as follows:

Yy
Sy = B-{Xl “Uoir T X2 Uygrer + (1 — X1 — X2) '.ugas}x (3.23)

xX—4
' {Xl “Poit + X2 pyater + (1 — X1 = X2) - pgas} 2x
Here o= X1, aygrer= X2 and ayqs=1 — X1 — X2

All the known parameters are given in Appendix C.

3.3.4 Autonomous inflow control valve (AICV)

As it is mentioned in Chapter 2 that the AICV has pipe shaped laminar flow restrictors and
turbulent flow restrictors in series, Figure 3.10 shows how the AICV performs according to the
pressure drops.

R
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— Waler

Pressure [Bar|

Gas

Flow length

Figure 3.10: Pressure drops in laminar and turbulent flow restrictors [4]
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Pressure drops in the laminar flow restrictors is expressed in the equation (3.24) and turbulent
flow restrictors are expressed in the equation (3.25).

_ 32upvl

AP = —3 (3.24)
1
AP = kfvz (3.25)

Here AP is the pressure drop over the restrictors, u is the fluid viscosity, p is the fluid density,
v is the fluid velocity, L is the laminar restrictor length, D is the laminar restrictor diameter,
and k is the geometrical constant.

3.4 Multisegment well model

Multisegment well (MSW) model is a unique feature of the ECLIPSE simulator to simulate the
advanced horizontal well and multilateral wells with inflow control devices. The wellbore can
be divided into more segments as much as required. The more segments the more accurate
simulation. Figure 3.11 shows a simple schematic of a multi-segment well model. Each
segment contains one segment node and one flow path connecting to a neighboring segment.
All the connected segments are directed to the wellhead which is considered an outlet [38].

e segment node

€————  flow path
€———e  asegment

Top segment R BHP reference

Part of simulation grid

N
—e€ o< —e

branch junction

Figure 3.11: A simple schemetic of a multi-segment well model [38].

Figure 3.12 illustrates an MSW model for an advanced horizontal well where tubing and
annulus are considered as different branches. The control valve is considered an inflow control
device that connects the annulus to the production tubing. Fluid flows from the reservoir to the
annulus and then passes to the production tubing. Finally, the total flows to the outlet through
production tubing. The full model is designed by connecting the annulus, valve, and tubing
segments [39].
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Figure 3.12: MSW model for an advanced horizontal well [39].

3.5 Solvent model

For the CO2-WAG miscible EOR method in ECLIPSE, the solvent model can be used as it is
a miscible flood modeling case. The model was suggested by M. Todd and W. Longstaff and
is known as the Todd-Longstaff model [40]. Optionally it can be a four-component system of
reservoir gas, oil, water, and solvent injected from the surface or a three-component water, oil,
and solvent gas or oil/solvent system. Injected gas is considered a solvent and assumed to be
miscible with the reservoir oil in full proportion and a single hydrocarbon phase will exist [40].
In this chapter, the solvent model is briefly described with different parameters.

3.5.1 Todd-Longstaff model

M. Todd and W. Longstaff considered a grid block like Figure 3.13 where a dispersed zone of
mixing of oil and solvent for both stable and unstable 2D fluid flow can be seen. If the
dispersion area is comparatively large to the grid size, then it can be assumed that oil and
solvent are completely mixed with the same effective density and viscosity. If the dispersion
zone is too small, it is to be considered that the effective fluid properties of solvent and oil are
of their pure component. and the actual fluid properties can be expected in the limit of the
mixing zone. Reflecting on this, K. S. Lee and E. L. Claridge of Shell Development Co.
suggested equation (3.26) and equation (3.27) which describe the effect of partial mixing on
effective viscosities. w is the Todd-Longstaff mixing parameter which ranges between 0 to 1
[41].
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Figure 3.13: Dispersed zone in a grid block displacing oil by solvent [41]

Hoe = Hho ™% * i ® (3.26)
Hge = .ugl_w * (3.27)

Assuming w=1 for complete mixture, equation (3.28) can be derived by 1/4 -power fluidity
mixing rule. This means effective viscosity for all components are same as the mixture effective
Viscosity .

4

S 15 1
Um = .uo.ug/ (_g “Ho* T = .ug4) (3.28)
Sn Sn

In this condition effective density will also be same which can be formulated in equation 3.29

S, S,
Pm = Pog- +pg S (3.29)

M. Todd and W. Longstaff recommended w= 2/3 to model viscus fingering in secondary gas
miscible injection in laboratory setup and w= 1/3 t 0 heterogenous field application [41].
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4 Development of the OLGA/ECLIPSE
model

The objective of this study is to simulate the CO2>-WAG enhanced oil recovery (EOR) in a
heterogeneous reservoir with specified fluid and rock properties using advanced horizontal and
multilateral wells. The EOR process involves four vertical injectors which inject water, gas,
and CO. simultaneously. Different inflow control devices are used to analyze the performance
of oil recovery. The step-by-step approach is described briefly in this chapter.

4.1 Well model in OLGA

A production well model has been designed in OLGA coupled with ECLIPSE to find out the
total oil production for specific times. Figure 4.1 illustrates the set-up of a production model
with production pipeline, and annulus in a reservoir.

Annulus——»

Production —»
Pipe

-

Figure 4.1: Cross sectional and side view of a production pipe in annulus.

—

Annulus is the gap between the wellbore and the production pipe where oil flows through the
inflow control devices. Inflow control devices are generally attached to the production pipe
and packers are built within an annulus to separate multiple sections. Figure 4.2 illustrates the
flow pattern of the horizontal well, reservoir, and annulus zone. Two different sections are
divided with packers [42].

- Reservoir flow = Annutlus flow in the wellbore and completion strings
AICD Valve . ]
== Orifice flow in AICD ===} Flow in horizontal pipe
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Figure 4.2: Fluid flow path through reservoir and annulus in a packer [42].
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4.1.1 Flow component set-up

For the horizontal well model, the length is considered 3240 m. The diameter of the production
pipe and the wellbore is considered 0.1397 m and 0.2159 m respectively. The production well
has 18 valves to divide the production pipe into 18 zones. Equivalent diameter is taken at
0.0078 m for both ICD and AICD considering the discharge coefficient (CD) as 0.85. Table
4.1 shows the technical data for the wellbore and production pipe.

Table 4.1: Technical data of the wellbore and the production pipe.

) Length . Roughness | Sections
Pipe name Diameter (m)
(m) (mm) (m)
Wellbore 3240 0.2159 1
36
Production pipe 3240 0.1397 1

The whole production pipe is sectioned into 18 zones assuming 18 near-well sources which
contain 36 hypothetical sections divided of 90m each. Figure 4.3 shows a simplified sketch of
a single production zone in a production pipe containing the packers, fluid flow path, and
inflow control device. Packers prevent fluid flow from an adjacent zone through the annulus.
Near-well source is the connecting component between OLGA and ECLIPSE. Through section
| fluid enters into the wellbore and then passes through inflow control devices. After that fluid
passes through the Leak into the production pipe in section Il. This method was proposed by
Haavard Akre in 2012 and is much used in research [43].

Production zone

Section Il

t Leak

Section |

Production tubing - Fluid flow

Wellbore

Packer

Packer ' ICD/AICD (RCP)

Near-well source

Figure 4.3: Schematic of a single zone in a production pipe [43].

If there is no use of any flow control devices in the simulation, then it can be considered an
OPENHOLE case. For simulation with ICD and AICD, a fully open valve with a specified
diameter is taken in OLGA. Figure 4.4 is the schematic for the OPENHOLE, ICD, and AICD
set up in a single production zone. Full production pipe design is provided in Appendix D. For
AICD, an algebraic controller is used to control the valve opening according to the equation
(3.22).
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Figure 4.4;: OPENHOLE/ICD (left) and AICD (right) setup in OLGA for a single production zone.

In an algebraic controller, two input signals are taken by two transmitters which contain water
volume fraction and oil volume fraction. Table 4.2 shows the specifications for OPENHOLE,
ICD, and AICD in OLGA.

Table 4.2: Technical data for OPENHOLE, ICD, and AICD.

Diameter
Component FIO\éV C(_)ntrol CD | Opening control | Connection
evice (m)
OPENHOLE 0.12 0.85 Fully open Wellbore
Valve ICD 0.0078 |0.85 Fully open Wellbore
AICD 0.0078 | 0.85 Algebraic Wellbore
controller

4.1.2 Case definition

Analysis of the oil production for OPENHOLE, ICD, and AICD total simulation was done for
specified days by providing the maximum time step (MAXDT) and minimum time step
(MINDT). Table 4.3 shows integration data for the simulation cases.

Table 4.3: Integration data for simulation in OLGA for OPENHOLE, ICD, and AICD.

Days 3500
MAXDT (d) 1
MINDT (s) 0.00001
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4.1.3 Compositional setup

Oil, water, and gas are used as the black oil components. Table 4.4 shows the compositional
data for all three feeds.

Table 4.4: Compositional setup in OLGA.

Feed Gas fraction Water cut
Oil 74 Sm®/ Sm?® (GOR) 0.0001
Water_drive | 0.0001 Sm®Sm? (GLR) 0.99
Gas_drive 0.99 Sm®/Sm?3 (GLR) 0.0001

4.2 Reservoir model in ECLIPSE

For the simulation of the reservoir, the ECLIPSE 100 facility is used, and a script file is added
as the input data which contains all descriptions of the reservoir model such as reservoir rock
and fluid properties. The data file contains below mentioned sections-

RUNSPEC
GRID
PROPS
SOLUTION
SUMMARY
SCHEDULE

Among these sections, RUNSPEC, GRID, PROPS, SOLUTION, and SCHEDULE sections
are required sections. ECLIPSE reads the data file section by section. RUNSPEC includes a
description of different parameters and titles to run the simulation, such as grid size, table
sizes, number of wells, and liquid phases. GRID section includes petrophysics-related terms
such as permeability and porosity of each grid with different data files. The PROPS section
provides the rock and fluid properties like relative permeability and capillary pressure with
PVT data. The SOLUTION section includes the compositional data like initial pressure,
temperature, and saturation. The SUMMARY section generates the output file defined in the
data file. The SCHEDULE section contains all the geometrical data for injectors and pipes
[44].

Tecplot is used for the visual representation of the outputs. The ECLIPSE data file is given in
Appendix B.

4.2.1 PUNQ-S3 reservoir model construction

For this study, the PUNQ-S3 (Production forecasting with Uncertainty Quantification, variant
3) synthetic reservoir model is used which was implemented in a real field study by EIf
Exploration Production [45]. This is a three-dimensional dome-shaped heterogeneous
reservoir. Figure 4.5 shows the reservoir with initial three-phase saturation in the XY plane.
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Figure 4.5: PUNQ-S3 reservoir fluid saturation in XY plane [45].

Table 4.5 shows the reservoir grid and the corresponding length of the reservoir. A total of
2660 grid blocks are present in the model and 1761 blocks are active for production.

Table 4.5: PUNQ-S3 reservoir grid dimensions.

Direction No. of blocks Length (m)/angle
X 19 19*180
y 28 28*180
z 5 2355/1.5°

4.2.2 PUNQ-S3 reservoir rock and fluid properties

For this study, the Black oil model has been selected with lower viscosity with a value of 2.7cP.
Table 4.6 shows the rock and fluid properties of the PUNQ-S3 reservoir model. Table 4.6:
PUNQ-S3 rock and fluid properties [45].

Table 4.6: PUNQ-S3 rock and fluid properties [45].

Parameter Value

Qil density 912 kg/m®
Water density 1000 kg/m3

Gas density 0.8266 kg/m?®
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GOR 74 Sm3 Sm3
Reservoir Pressure 234.5 bar
Temperature 105 °C
Water viscosity (reservoir condition) 0.5cP
Oil viscosity (reservoir condition) 1.46 cP
Gas viscosity (reservoir condition) 0.0133 cP
Porosity 0.1-03
Mean Porosity 0.14
Rock compressibility 0.00045 1/bar

4.2.3 Water and CO; injection

Four injectors are designed by trial-and-error method to inject water and CO2 simultaneously
with a regular time interval. Injectors 1, 2, 3, and 4 are placed by the depth of 2390 m, 2375 m,
2370 m, and 2370m respectively. Figure 4.6 represents the positioning of the injectors and
production pipe with top face depth.

Top Face Depth

2340 2350 2360 2370 2380 2390 2400 2410 2420

002 %%,
' Sl
LHTER

AN

Producer
Water Injector
Open Node

CR X

Figure 4.6: Positioning of Production pipe and injectors into reservoir.
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4.2.4 PUNQ-S3 reservoir permeability

The reservoir is considered heterogeneous, so different permeability is considered in different
directions with a porosity of 0.2. In the horizontal direction, permeability ranges between 0.5
mD to 999 mD with a mean value of 269 mD. On the other hand, permeability ranges between
0.2 mD to 498 mD with a mean value of 122 mD. These two ranges are accountable for
uncertainty in the reservoir. It means that absolute permeability in the reservoir cannot be
determined but it can be assumed that it can be expected in these ranges. Figure 4.7 is the visual
representation of the reservoir grids for porosity and permeability in three directions.

Porosity X-permeability

000 008 0.16 0.24 0.32

0 250 500 750 1000

Y-permeability Z-permeability

V/?\x

Figure 4.7: Porosity and permeability in X, Y and Z direction.

4.2.5 Initial conditions

Initially, the pressure is 234.5 bar with a datum depth of 2355 m. In ECLIPSE, water-oil contact
depth and gas-oil contact depth are considered 2395 m and 2355 m respectively. Figure 4.8
represents the initial saturations of water, oil, and gas. It can be observed that the top part is
filled with gas creating a gas cap with a saturation point greater than 0.75 and at the bottom the
presence of water creates an aquifer zone. Water cut ranges between 0.2 to 0.9. Most of the
amount of oil is distributed in the middle of the reservoir almost at the saturation point of 0.80.

43



" i
Water Saturation 000 025 050 075 1.00

Oil Saturation

Gas Saturation .
000 025 050 0.75 1.00

Y,

Figure 4.8: Initial water, oil, and gas saturation in the PUNQ-S3 reservoir.

4.3 Multisegment well model in ECLIPSE

To analyze the performance of OPENHOLE, ICD, AICD, and AICV in an advanced multi-
lateral well a multisegment well is designed in ECLIPSE for the PUNQ-S3 reservoir. Figure
4.9 shows the multisegment well model with production outlet and injectors. ECLIPSE data
file is given for the multi-lateral well with inflow control devices in Appendix B.

Top Face Depth o IN4 -__:E_. :.

2340 2360 2380 2400 2420

(-] Producer
< Water Injector
Open Node

Figure 4.9: Multisegment well model in ECLIPSE.
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5 Results and discussion

One of the main tasks of the study is to obtain simulation results in WAF and CO2-WAG
injection for oil recovery on three different FCDs (ICD, AICD, AICV) and compare them.
Some of the results obtained through simulation by OLGA coupled with ECLIPSE and the rest
obtained by simulation by ECLIPSE are discussed below.

5.1 Horizontal well with FCDs in OLGA and ECLIPSE

5.1.1 Oil production

Figure 5.1 shows the oil production rates for the OPENHOLE, ICD, and AICD simulated for
3500 days. Initially, in all the cases from 0 to 500 days oil production rate was higher. Then in
all cases oil production rate decreases. OPENHOLE has an initial oil production rate higher
than ICD and AICD. This happens as OPENHOLE is receiving more oil and gas for its bigger
cross-sectional area than ICD and AICD. Both ICD and AICD are preventing gas production
for initial production. But at the end of the simulation oil production for ICD and AICD is
getting more oil production compared to OPENHOLE and if the simulation was continued for
more than 3500 days, more oil could be produced with the inflow control devices. This is the
benefit of using inflow control devices by optimizing the well design in oil recovery. Figure
5.1 also shows that there are some zig-zag patterns for numerical instabilities

¥ — 0il production rate-AICD

ssoo | — 0Oil production rate-ICD

¥ — Qil production rate-OPENHOLE

5000

4500

4000

3500

3000

sm3/d

2500

2000

1500

1000

0 500 1000 1500 2000 2500 3 000 3500
Time [d]

Figure 5.1: Oil production rate for OPENHOLE, ICD, and AICD.

Figure 5.2 shows the accumulated oil production for each device for 3500 days. Both figures
show that ICD and AICD have similar rates of oil production. According to the theoretical
study, AICD should have more oil production than other flow control devices. So, for 3500
days of production, there is no difference between using ICD and AICD. If the simulation

45



would run for more than 3500 days, like for 7500 days or more, AICD would produce more oil

than ICD.
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Figure 5.2: Accumulated oil production for OPENHOLE, ICD, and AICD.

5.1.2 Water production

Figure 5.3 shows that the initial water production for all the devices was zero. Water started to
be produced for OPENHOLE at around 100 days and for ICD and AICD water started to be
produced at around 200 days because these inflow control devices have a choking effect on
water. Figure 5.4 shows the accumulated water production for 3500 days for all the devices.
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Figure 5.3: Water production rate for OPENHOLE, ICD, and AICD.

46



Both the figures show that the water production rate is significantly reduced when the inflow
control devices are used. ICD and AICD have less water production by 33.8% and 36.3%
respectively compared to OPENHOLE. Higher water production harms total production costs.
Separating the water from oil is expensive which increases the cost for the overall production
process. Besides, disposal of produced water needs special treatment which is also expensive.
In this case, inflow control devices play an important role in preventing early water
breakthroughs in the production process which has a positive effect on the economy and
environment. AICD has less accumulated water production by 3.7% compared to ICD. This
indicates that the algebraic controller is performing well for AICD valve opening control in
preventing early water breakthrough.

¥ — Accumulated water production-AICD
W — Accumulated water production-ICD
¥ — Accumulated water production-OPENHOLE

sm3

oo 2000
Time [d]

Figure 5.4: Accumulated water production for OPENHOLE, ICD, and AICD.

5.1.3 Liquid production

The limitation of liquid production for simulation was defined at 4000 m®/day. Figure 5.5
shows that all the devices have the same flow pattern for 3500 days of simulation. OPENHOLE
setup shows higher liquid production than AICD and ICD because of having a bigger cross-
sectional area and there is no choking effect. As a result, more water and oil are produced. ICD
has a little higher rate of production than AICD. This is because ICD has a higher rate of water
production but both ICD and AICD have the same rate of oil production. The functionality of
the algebraic controller is responsible for less water production for AICD.

Figure 5.6 shows the accumulated liquid production for all the devices. Initially, AICD and
ICD had the same rate of liquid production till 550 days. After that algebraic controller started
to function for AICD and less liquid was produced. It is very important to have lower liquid
production. Refining the recovered oil can extract a lot of carbon and using inflow control
devices can reduce the carbon footprint by producing less liquid.
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Figure 5.5: Liquid production rate for OPENHOLE, ICD, and AICD.
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Figure 5.6: Accumulated liquid production for OPENHOLE, ICD, and AICD.
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5.1.4 Water cut variations

Water cut in oil production has a greater impact on the economy and sustainability. For this
reason, keeping the lower water cut is very important in the operation process. Figure 5.7 shows
the water cut variations throughout the production pipe for each flow control device. Water cut
increased gradually as there was water injection at regular intervals. OPENHOLE has the
highest water cut of 0.442. ICD and AICD have a water cut of 0.408 and 0.399 respectively.
This indicates that inflow control devices have more choking effects than OPENHOLE. Water
cut is increasing for all the cases which means higher WC can be achieved for extended
simulation time. Then it would be possible to observe the true impact of inflow control devices
for advanced well technologies and more efficient oil production can be achieved.

¥ — Water cut-AICD
¥ — Water cut-ICD
¥ — Water cut-OPENHOLE

1] 500 1000 1500 2 000 2500 2000 2500
Time [d]

Figure 5.7: Water cut in OPENHOLE, ICD, and AICD.

5.1.5 Performance analysis of algebraic controller for AICD

In this study algebraic controller is used to control the valve opening of AICD. Equation ( 3.22)
is implemented with two variables, water volume fraction and oil volume fraction. These two
variables are taken by two transmitters from the production pipe. Appendix C is used for the
known input variables. According to the calculation for Equation 3.22, Figure 5.8 shows the
valve opening vs oil volume fraction considering no gas, no water, and some mixed phases.
The blue solid line indicates the zero gas volume fractions. When the oil volume fraction is 1
the valve is fully opened. For example, if the oil volume fraction is 0.6 and the water cut is 0.4
then the valve opening is up to 0.94. The red solid line indicates the zero water cut and the
valve opening is 1 for the oil volume fraction of 1. Like the previous example, considering the
oil volume fraction of 0.6 and GVF of 0.4 then the valve opening is up to 0.98. For GVF of
50% valve opening is up to 0.97.
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Figure 5.8: Valve opening vs oil volume fraction for the algebraic controller in different phases of fluid.

Figure 5.9 shows the valve opening of AICD for 3500 days of simulation for algebraic
controllers 1 and 18 respectively in the toe and heel section.
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Figure 5.9: Valve opening with algebraic controller in toe (Controller 18) and heel section (Controller 1).
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A maximum water cut of 0.64 and 0.82 was found for the toe and heel sections. At the toe
section valve opening was up to 0.90 and at the heel section valve opening was up to 0.85. It
can be observed that the more water cut increased the more valve opening was getting closed.
From this observation, it can be said that the algebraic controller is showing the choking effect
on water production.
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Figure 5.10: Valve opening of the algebraic controller according to GVF.

To observe the functionality of valve opening according to GVF controllers 8 and 9 are selected
at the middle of the horizontal well. A maximum GVF of 0.77 and 0.79 was found for the
controllers 8 and 9 respectively. For controller 8 valve opening was up to 0.93 and for controller
9 valve opening was up to 0.92. It can be observed that the more GVF was increased the more
valve opening was getting closed. From this observation, it can be said that the algebraic
controller is showing the choking effect on gas volume fraction.

From the analysis of Figure 5.9 and Figure 5.10, similarities can be observed with the analysis
from Figure 5.8. Considering the oil volume fraction of 0.6 valve opening can be found up to
0.94 for water cut and up to 0.98. So, it can be said that the valve opening control for AICD
with the algebraic controller is successful in OLGA/ECLIPSE simulation. The performance of
the algebraic controller can be observed more for the extended simulation ti.

5.1.6 Fluid and gas saturations

The simulation was carried out in OLGA and ECLIPSE for 3500 days. Saturations of fluid for
each device do not show much variation. Figure 5.11 shows the oil saturation in the reservoir
after 3500 days.
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OPENHOLE 000

Figure 5 11: Oil saturation for OPENHOLE, ICD, and AICD after 3500 days.

Figure 5.12 and Figure 5.13 shows the water and gas saturation after 3500 days. From all the
figures it can be observed that variation in fluid and gas saturation is almost similar. In some
grids, residual oil is saturated between 0.50 to 0.75, which means more oil can be recovered
from the reservoir for more simulation days. Upper grids are low in water saturation because
of WAG injection and bottom grids still have some water because of water injection.

OPENHOLE o

Figure 5.12: Water saturation for OPENHOLE, ICD, and AICD after 3500 days.
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Figure 5.13: Gas saturation for OPENHOLE, ICD, and AICD after 3500 days.

5.2 CO,-WAG vs WAG

CO2-WAG injection and WAG injection EOR simulations were carried out for 7500 days for
a horizontal well in ECLIPSE. The simulation was implemented only for the OPENHOLE case
to find out the performance of CO2-WAG injection and WAG injection. In this chapter
comparison between the CO,-WAG injection and the WAG injection is shown.

5.2.1 QOil production

Figure 5.14 shows the oil production rate and the total oil production rate for CO>-WAG
injection and WAG injection. In general natural gas is injected for the WAG injection process
where heavy components like propane, between, etc. can be dissolved. For this study,
immiscible WAG injection is considered and miscibility is considered for the CO2-WAG
injection. For this reason, it is observed that CO.-WAG injection has more oil production than
the WAG injection process. Because of the miscibility of the CO>, oil gets more mobility to
the production zone and then more oil can be produced. Fluctuations of oil production can be
seen for CO2-WAG injection and this continued for the whole simulation time. Two major
fluctuations around 1000 days and 2000 are observed. This higher production rate of oil would
not be possible if only the water flooding technique was used. However, after 4500 days of
simulation, fluctuations are not observed in oil production for WAG injection. This indicates
the immiscible characteristics of the WAG injection process. From the total production of oil,
it can be said that CO,-WAG injection performs better than WAG injection.
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Figure 5.14: Qil production rate and total oil production for CO,-WAG injection and WAG injection.

5.2.2 Water production

Figure 5.13 shows the water production rate and total water production for CO2-WAG injection
and WAG injection. CO-WAG performed better as it has a lower water production rate than
WAG injection. Because of the miscible characteristics of CO with residual oil, the mixture
viscosity is lower than the water viscosity. For this reason, more oil is pushed to the production
zone than water. In the WAG injection process, oil is pushed only by water and gas but is not
mixed with the residual oil.
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Figure 5.15: Water production rate and total oil production for CO,-WAG injection and WAG injection.
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5.2.3 Water cut and GOR

Figure 5.16 shows the water cut for CO2-WAG injection and WAG injection. CO2-WAG has
less water cut than WAG injection. CO2-WAG has a water cut of 0.65 and WAG has 0.80.
Figure 5.17 shows the GOR for CO,-WAG injection and WAG injection. CO2-WAG injection
has lower GOR than WAG injection. In this study, only OPENHOLE was simulated. A lower
water cut and lower gas oil ratio would be observed if inflow control devices were used. Better

oil production would be observed too using the inflow control devices.

Water Cut

Figure 5.16: Water cut for CO,-WAG injection and WAG injection.
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Figure 5.17: GOR for CO,-WAG injection and WAG injection.
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5.3 Multilateral wells with different FCDs

The multilateral lateral well simulation was carried out in ECLIPSE for 11,000 days. Flow
control devices such as ICD, AICD, and AICV are used along with the OPENHOLE case for
their performance analysis.

5.3.1 Oil production

Figure 5.18 shows the oil production rate and total oil production for all the devices in the
multilateral wells. There is no significant change in oil production for all the inflow control
devices. All the cases showed almost similar oil production rates. Within this similarity, it can
be observed that AICV has a slightly higher production. Also, all the FCDs showed a
decreasing manner in production and there are not many fluctuations. With the multi-lateral
advanced well model, oil can be produced more from the oil-saturated zone of the reservoir.
As aresult, oil production efficiency rises. Besides using inflow control devices prevents early
water and gas coning. Continuous production of oil is also found because of better sweep
efficiency.
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Figure 5.18: Qil production rate and total oil production in multi-lateral well for all the FCDs.

5.3.2 Water production

Figure 5.19 shows the water production rate for all the devices in the multilateral well. Among
all the cases OPENHOLE has the most water production because of more production area.
Fluid can pass through easily with a bigger cross-sectional area. Using inflow control devices
minimized water production. ICD, AICD, and AICV have less water production by 4.5%,
7.2%, and 14% respectively compared to OPENHOLE. AICD and AICV have the best choking
effect on low viscous fluid. As already mentioned less water production minimizes the total
processing cost of oil production. Inflow control devices help to prevent early water and gas
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Figure 5.19: Water production rate and total water production in multi-lateral wells for all the FCDs.

breakthroughs in total liquid production. This plays an important role in the economy by
reducing water separation and disposal expenses.

5.3.3 Water cut

Figure 5.20 shows the water cut variations for all the FCDs. OPENHOLE, ICD, AICD, and
AICV have a water cut of 0.83, 0.825. 0.820, and 0.81 respectively. AICV has less water cut
than other inflow control devices. Less water cut means AICV has the best performance in the
oil recovery process and has a better choking effect on the water production. If the simulation
was run for a more extended period functionality of the inflow control devices would be
observed more.
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Figure 5.20: Water cut for OPENHOLE, ICD, AICD, and AICV in multi-lateral well.
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5.4 Water/CO; injection ratio for CO2-WAG injection

To find out the best water/CO> injection ratio simulations were carried out in ECLIPSE for
ratios 1, 1.5, 2, 2.5, 3, 3.5, and 4. Figure 5.21 shows the total oil production for all the ratios.
For the initial 2000 days, oil production was equal for all the ratios. A water/CO- ratio of 1 has
the best oil production and a ratio of 4 has the least water production. From ratio 1 to ratio 2 it
maintains the production but the ratio of 3.5 has better oil production capacity than the ratios
of 2.5, 3, and 4.
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Figure 5.21: Oil production for different water/CO; injection ratios.

Figure 5.22 shows the water production for all the mentioned ratios. In terms of water
production ratios 4, 3, and 2.5 have the same production patterns. Then ratios 1, 2, 1.5, and 3,5
have different patterns.
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Figure 5.22: Water production for different water/CO, injection ratios.

Oil production does not increase if the water/CO: injection ratio increases. Ratios 1, 1.5, and 2
have more oil production because injected CO2 gets mixed with the residual oil and enhances
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the mixture's mobility to the production zone. A higher injection ratio means more water
injection and comparatively less COz injection. For this, the formation of water channeling is
found [46]. This can create a blockage for oil mobility as residual oil can be mixed properly
with the injected gas. Formation of water channeling leads the injected gas to store in pores for
increasing pressure. When the pressure reaches its limit a flow path is created and more oil
recovery can be observed [46]. This can be a possible reason for the water/CO; ratio of 3 for
not following the sequential pattern in oil production.

From the above-mentioned analysis, it can be said that the water/CO; ratio of 1.5 is the best
ratio with better oil production considering lower water production. the water/CO, ratio of 1
and 2 also showed a better performance than the rest of the ratios.
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5.5 Discussion

5.5.1 Simulation in OLGA/ECLIPSE

In this study, the AICD valve opening control was controlled by an algebraic controller for
WAG injection. The simulation was carried out for 3500 days. If the simulation time can be
extended for 7500 days or 20 years then the efficiency of the AICD can be observed better.
The functionality of the algebraic controller for AICD valve opening control can be observed
better with extended simulation time. Another observation is that the simulation of an advanced
multi-lateral well for the heterogenous reservoir is time-consuming with OLGA/ECLIPSE
coupling. For this reason, only the horizontal well was modeled and simulated in OLGA
coupled with ECLIPSE.

5.5.2 Simulation in ECLIPSE

To show the comparison between CO,-WAG injection and WAG injection, a simulation was
carried out in ECLIPSE for the horizontal well model. The solvent model was used for the
CO2-WAG injection model. An error message occurred when the simulation case was chosen
for the multi-segment well model for CO2-WAG injection. It is said that the solvent model can
not be used for the multi-segment well model for CO>-WAG injection. But it was not
mentioned in any manual of ECLIPSE. Figure 5.23 shows the error message generated during
the simulation for the multi-segment well model of CO2-WAG injection.

[ simulation Launcher — O X
File Configuration Window Help
Simulators 4 |/ summary,” pungs3_co2wag | X
ECLIPSE Type Date Time Description A
E300 R - 1/1/2023 XTI lMUL TI-SEGMENT WELLS CANNOT BE USED
FRONTSIM TTH THE SOLVENT OR GI MODEL
INTERSECT message 1/1/2023 0.0000000000000| CHECKING FOR LICENSES
Miarator message 1/1/2023 0.0000000000000| CHECKING FOR LICENSES
: message 1/1/2023 0.0000000000000{ THE MEMORY REQUIRED TO PROCESS THE
GRID SECTION IS 1299 KBYTES
ECLIPSE Pre/Post % —
message 1/1/2023 0.0000000000000| CELL OVERLAP AT ( 17, 1, 2) OF 0.1 METRES
FloGrid message 1/1/2023 0.0000000000000| CELL OVERLAP AT ( 17, 1, 2) OF 0.1 METRES
F_|DVIZ message 1/1/2023 0.0000000000000| CELL OVERLAP AT ( 17, 2, 2) OF 0.1 METRES
"‘FfF message 1/1/2023 0.0000000000000| CELL OVERLAP AT ( 18, 1, 2) OF 0.1 METRES
Offl.ce message 1/1/2023 0.0000000000000| CELL OVERLAP AT ( 18, 1, 2) OF 0.1 METRES
PVTI message 1/1/2023 0.0000000000000| CELL QVERLAP AT ( 18, 2, 2) OF 0.1 METRES
SCAL message 1/1/2023 0.0000000000000| NEITHER OLDTRAN,OLDTRANR NOR
Schedule NEWTRAN SPECIFIED TRANSMISSIBILITIES
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VEP| ¥ Command Line Options
¥ Message Filter
Manuals A Automatically update every 10 mins [ ] with Debug Mode
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.5 Open Log .5 Open PRT 3 Update @ Run
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Figure 5.23: Error message generated in ECLIPSE.
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5.5.3 Future task recommendation

Simulation for 7500 days or more to observe the performance of the AICD valve control
using the algebraic controller.

Simulation for the performance analysis of the AICV valve opening control using the
algebraic controller.

Simulation of multi-lateral well models for CO.-WAG and WAG injection in OLGA
coupled with ECLIPSE.

A compositional model can be used for the simulation of the CO>-WAG EOR for the
multisegment well model in ECLIPSE.
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6 Conclusion

The main objective of this thesis is to simulate CO2-WAG injection, and WAG injection for
advanced multi-lateral wells in the heterogeneous PUNQ-S3 reservoir using OLGA and
ECLIPSE simulator. OLGA and ECLIPSE were coupled for the simulation of the WAG
injection process which can be referred to as a novel approach. Generally, this kind of coupling
method is not used. However, simulation and modeling oil models with the coupling of OLGA
and ECLIPSE is time-consuming. For this reason, it was needed to simulate only an advanced
horizontal well.

A literature review is presented on EOR with CO2-WAG injection, WAG injection, and
advanced multi-lateral wells including inflow control technologies. After that, a theoretical
study is presented which is related to reservoir engineering.

Preventing early water and gas breakthroughs is very important in the oil recovery process.
Inflow control devices like ICD, AICD, and AICV can prevent this kind of unwanted fluid.
From the simulation result, it is observed that AICD and AICV have better choking effects on
this unwanted fluid for a long time. ICD is unable to prevent early fluid breakthroughs for a
longer time compared to AICD and AICV. This kind of inflow control technology simulated
both an advanced horizontal well and an advanced multi-lateral well. In the horizontal case,
ICD and AICD have less water production by 33.8% and 36.3% respectively compared to
OPENHOLE. In multi-lateral cases, ICD, AICD, and AICV have less water production by
4.5%, 7.2%, and 14% respectively compared to OPENHOLE.

A novel approach was to control the AICD valve opening by using the algebraic controller
feature in OLGA. Considering the water and gas volume fractions a mathematical model is
implemented for the algebraic controller which has successfully lowered the water production.
Both AICD and ICD had the same oil production but AICD had less accumulated water
production by 3.7% compared to ICD by using the algebraic controller.

Performance comparison was shown in this study for CO,-WAG injection, and WAG injection
process where CO2-WAG injection had the higher oil production. CO.-WAG injection has
lower water production than WAG injection with a water cut of 0.65 and 0.80 respectively.

Using the solvent model for the CO.-WAG injection process with multi-lateral wells is not
possible to simulate, which can be referred to as a significant finding from this study. This
finding can be an insight for future studies in the oil recovery process.

Using the better water/CO> injection ratio is important for EOR with CO.-WAG injection.
Seven ratios from 1 to 4 with an interval of 0.5 were selected and simulated to analyze the
better ratio for efficient oil recovery. Among them, the water/CO; injection ratio of 1.5 has the
best production rate.

The difficulties and challenges are also discussed in this study. All the objectives were
successfully fulfilled with analysis and several tasks were also recommended for future study.
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Appendix A: Thesis task description

University of
South-Eastern Norway

Faculty of Technology, Natural Sciences and Maritime Sciences, Campus Porsgrunn

FIMIH606 Master's Thesis

Title: Modeling and simulation of oil recovery through advanced multilateral wells with CO2-
WAG injection

USN supervisor: Prof. Britt M. E. Moldestad and Ali Moradi
External partner: Equinor and SINTEF

Task background:

Norwegian Continental Shelf (NC5S) is one of the most technologically advanced petroleum
regions in the world and has great potential to supply petroleum to the global market. To
secure the competitiveness of the NCS in the international market, 0G21 (Qil and gas for the
21st century) has developed a national technology strategy for guiding research efforts in the
field of petroleum technology. The main strategic objective of OG21 is to obtain efficient,
secure, and environmentally friendly value creation from the Norwegian oil and gas resources
for several generations.

In line with the OG21 strategy, in collaboration with Equinor and SINTEF, there is an ongoing
research project called DigiWell (digital wells for optimal production and drainage) at USN.
The project aims at developing new methods, algorithms, and tools for the prediction of oil
production under uncertain conditions in order to maximize profit margins by minimizing
production costs. As part of this project, it is of great interest to model and evaluate the
performance of advanced multilateral wells with the goal of improving oil recovery.

Extraction of oil from a reservoir starts by drilling a well into the oil zone. If the initial pressure
inside the reservoir is sufficiently high, it will push oil up to the surface which is referred as
primary production (see Figure 1 for further details). As the oleic phase is produced, the
pressure inside the reservoir will decline. Therefore, other mechanisms like gas or water
injection are used for maintaining pressure and producing more oil from the reservoir. This
production method is called secondary production (see Figure 2 for further details).
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Figure 1. Primary oil production Figure 2. Secondary cil production

Enhanced oil recovery (EQR) or tertiary recovery, is the extraction of crude oil from an il field
by increasing the mobility of the oil. Miscible water alternating gas injection with CO2 (CO2-
WAG injection) can be used as an effective EOR method. By dissolving oil and CO2 in each
other, a single-phase fluid with lower viscosity is formed. This can help the oil to be displaced
more easily from the reservoir pore to the surface. Besides, by alternating injection of CO2
and water, the CO2 consumption can be reduced while also the benefits of water injection
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like displacement and pressure support are provided. From an environmental point of view,
this method can be combined with carbon capture projects as an effective solution for
preserving the environment. Figure 3 illustrates the improvement in the sweeping efficiency
with miscible WAG injection compared to the gas injection.

Gas Qil

Figure 3: Comparison of oil displacement by gas injection and water alternating gas injection.

One of the main principles for achieving cost-effective and efficient oil recovery is maximizing
the well-reservoir contact by using long horizontal wells. One of the main challenges of using
such wells is early gas andfor water breakthrough due to the heel-toe effect and
heterogeneity along the horizontal wells after applying EOR methods. To tackle this problem,
Advanced (smart or intelligent) Multilateral Wells (AMWs) are widely applied today. The term
“advanced” refers to horizontal wells completed with downhole Flow Control Devices (FCDs),
Sand Control Screens (SCSs), Annular Flow Isolation (AFI1), as well as other equipment such as
sensors, downhole pumps and separators, etc. Figure 4 illustrates the schematic of AMW
completions.

T makrny

Sand Scresns with FCOn

Prochaction packer
Giars Nift veadwe

Perforated Gas cap

Flow Control Walves T/ B29RE Pachkers [AF]

Figure 4. Schematic of advanced multilateral well completions.

The drilling and completion costs of AMWSs are much higher compared to those of
conventional wells. As a result, a significant improvement in economic recovery is required to
justify their utilization. The results of reservoir simulations are crucial to making this judgment.
The simulation model needs to reliably predict the performance of AMWs across the lifespan
of the reservoir in order to deliver meaningful results. The goal of this project is to generate
maore insight into the long-term performance of AMWs in EOR with CO2-WAG injection by
developing accurate dynamic simulation models.

Task description:

The objective of this research project can be achieved by completing the following tasks:
1. Literature study
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* Enhanced oil recovery with CO2-WAG injection
s Advanced multilateral wells
2. Developing suitable models for the simulation of oil recovery through AMWSs
o  OLGA which is a dynamic multiphase flow simulator in combination with ECLIPSE
which is a reservoir simulator should be used for this purpose.
3. Evaluating the performance of AMWs

o The performance of AMWSs completed with different types of FCDs as well as AFI
in the PUNQ-53 reservoir with CO2-WAG injection should be analyzed.

4. If time permits, preparing a paper based on the results for the next SIMS conference is
highly appreciated.

Student category: EET and PT students

Is the task suitable for online students [(not present at the campus)? No

Practical arrangements: Necessary software will be provided by USN.

Supervision:

As a general rule, the student is entitled to 15-20 hours of supervision. This includes

necessary time for the supervisor to prepare for supervision meetings (reading material to
be discussed, etc).

Signatures:
Supervisor (date and signature):
Student (write clearly in all capitalized letters):

Student (date and signature):
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Appendix B: ECLIPSE data file for PUNQ-S3 reservoir model

MESSAGES
3* 10000 5* 10000 /

WELLDIMS
20 40 2 20/

--WSEGDIMS
-- 2 50 50 50/

AQUDIMS
222502 200/

TABDIMS
1* 1* 40 40/

NUPCOL
100/

NSTACK
100/

--NOSIM
UNIFIN

UNIFOUT

INIT
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-- put in your PORO, PERMX and PERMZ
INCLUDE
'PUNQS3.PRP'

/

COPY
'PERMX' 'PERMY"/

/

-- get corner point geometry
INCLUDE
'PUNQS3.GEO'

-- RELATIVE PERMEABILITY AND CAPPILARY PRESSURE CURVES
SWEN

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
/

00 00
0.00024 0.0
0.0039 0.0
0.02 0.0
0.062 0.0
0.152 0.0
0.316 0.0
0.585 0.0
1.0 0.0

SOF2

0.1
0.2
0.3

0.0
0.018
0.073
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0.4 0.165
0.5 0.294
0.6 0.459
0.7 0.661
0.8 0.9

/

SOF3

0.1 0.0 0.0
0.2 0.018 0.0
0.3 0.0730.025
0.4 0.1650.1
0.5 0.294 0.225
0.6 0.4590.4
0.7 0.661 0.625
0.8 09 0.9

/

SGFN

0.0 0.0 0.0
0.1 0.00000077 0.0
0.2 0.000049 0.0
0.3 0.00056 0.0

0.4 0.0032 0.0
0.5 0.012 0.0
0.6 0.036 0.0
0.7 0.091 0.0
0.8 0.2 0.0

-- This part is for keywords related to CO2-miscible flooding
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-- From SPE9_CP_SOLVENT_CO2: This keyword to treat gas-solvent fraction for
permeability

SSFN
0.00.00.0
0504038
1.01.01.0

/

-- This keyword is added for defining the transition algortim from miscible to imiscible
-- and the values is obtaned for Eclipse reference manual

MISC

0.00.0

0.105

0.31.0

1.01.0/

TLMIXPAR
1/

-- This value is taken from the SPE9_CP_SOLVENT_CO2
SDENSITY
2/

-- This values is taken from the SPE9_CP_SOLVENT_CO2
PVDS

80 0.00550 0.0265
87 0.00326 0.0460
95 0.00296 0.0529
102  0.00282 0.0572
109 0.00273 0.0605
117 0.00266 0.0632
124  0.00261 0.0656
131  0.00256 0.0678
139  0.00252 0.0698
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146 0.00249 0.0716
153  0.00246 0.0733
161  0.00243 0.0750
168 0.00241 0.0765
175  0.00238 0.0780
183  0.00236 0.0795
190  0.00235 0.0808
197  0.00233 0.0822
205 0.00231 0.0835
212 0.00230 0.0847
219  0.00228 0.0860
227  0.00227 0.0872
234 0.00225 0.0883
241  0.00224 0.0895
249  0.00223 0.0906
256  0.00222 0.0917
263  0.00221 0.0928
271 0.00220 0.0939
278  0.00219 0.0949
285 0.00218 0.0960
293  0.00217 0.0970
300 0.00216 0.0980/

-- PVT DATA

PVTO

11.460 40.000 1.064 4.338 /
17.890 60.000 1.078 3.878 /
24.320 80.000 1.092 3.467 /
30.760 100.000 1.106 3.100 /
37.190 120.000 1.120 2.771 /
43.620 140.000 1.134 2.478 |/
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46.840 150.000 1.141 2.343
50.050 160.000 1.148 2.215
53.270 170.000 1.155 2.095
56.490 180.000 1.162 1.981
59.700 190.000 1.169 1.873
62.920 200.000 1.176 1.771
66.130 210.000 1.183 1.674
69.350 220.000 1.190 1.583
72.570 230.000 1.197 1.497
74.000 234.460 1.200 1.460
250.000 1.198 1.541
300.000 1.194 1.787 [/
80.000 245.000 1.220 1.400
300.000 1.215 1.700 /

~ ~ — ~— O~ — o~~~

/

PVDG

40.00 0.02908 0.00880
60.00 0.01886 0.00920
80.00 0.01387 0.00960
100.00 0.01093 0.01000
120.00 0.00899 0.01040
140.00 0.00763 0.01090
150.00 0.00709 0.01110
160.00 0.00662 0.01140
170.00 0.00620 0.01160
180.00 0.00583 0.01190
190.00 0.00551 0.01210
200.00 0.00521 0.01240
210.00 0.00495 0.01260
220.00 0.00471 0.01290
230.00 0.00449 0.01320
234.46 0.00440 0.01330
/

DENSITY
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912.0 1000.0 0.8266

/

PVTW

23446 1.0042 5.43E-05 0.5 1.11E-04 /

-- ROCK COMPRESSIBILITY

-- REF.PRES COMPRESSIBILITY

ROCK

235 0.00045 /

STONE1

ECHO

SOLUTION

AQUCT

12355 234 137.50.2125 3.5E-05300019.6951 1 /
2 2355 234 137.50.2125 3.5E-053200 60951 1 /
/

AQUANCON

1 14 14 4 4 5 5 'I- 1180.7 /
115 15 4 4 5 5 'J-' 1186.7 /
116 16 4 4 5 5 'J-' 1189.7 /
117 17 4 4 5 5 'J-' 1197.7 |/
118 18 4 4 5 5 'I-' 12043 /
112 12 5 5 5 5 "I+ 10946 /
113 13 5 55 5 'I- 11157 /
111 11 6 6 5 5 'J-' 10310 /
110 10 7 7 5 5 '1- 999.6 /
1 9 9 8 855 'l- 9836 /
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14
15
16
17
18
12
13

8 9 955 " 9878 /
7 10 10 5 5 'I-' 10015 /
6 11 11 5 5 'I-' 10053 /
6 12 12 5 5 'I-' 966.6 /
5 13 13 5 5 'I-' 9117 /
5 14 14 5 5 'I-' 8774 |/
4 15 15 5 5 'I-' 8356 /
4 16 16 5 5 'I- 819.1 /
3 17 17 5 5 'I-' 7555 /
3 18 18 5 5 'I-' 720.2 /
319 19 55 "' 6733 /
320 20 5 5 'I-' 6339 /
321 21 55 "' 59.0 /
3 22 2255 'l- 6078 /
323 2355 ' 6143 /
3 24 24 55 'l-' 5983 /
325255 5 'l' 4606 /
4 26 26 5 5 'l- 1532 /
526 26 5 5 'J+ 2568 /
6 27 27 5 5 'l 2514 |
7 27 27 5 5 'J+ 2552 /
8 27 27 5 5 'J+ 2472 |/
9 27 27 5 5 'J+ 2328 /
10 27 27 5 5 'J+ 2274 |
11 27 27 5 5 'J+ 2228 /
12 27 27 5 5 '+ 2232 |/
14 4 4 4 4 'I-' 1180.7 /
15 4 4 4 4 ') 1186.7 /
16 4 4 4 4 'J-' 1189.7 /
17 4 4 4 4 ') 11977 |/
18 4 4 4 4 'I-' 12043 /
12 5 5 4 4 '+ 10946 /
13 5 5 4 4 'I- 11157 /
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111 11 6 6 4 4 'J-' 1031.0 /
110 10 7 7 4 4 '1-" 999.6 /
1 9 9 8 84 4 "'l-' 9836 /

1 8 8 9 94 4" 9878 /

1 7 7 10 10 4 4 'I-' 10015 /
1 6 6 11 11 4 4 'l- 10053 /
1 6 6 12 12 4 4 'I-' 966.6 /
1 5 513 13 4 4 - 9117 /
1 5 514 14 4 4 - 8774 |/
1 4 4 15 15 4 4 'I-' 8356 /
1 4 4 16 16 4 4 'I-' 8191 /
1 3 317 17 4 4 'I-' 7555 /
1 3 3 18 18 4 4 'I-' 7202 /
1 3 319 19 4 4 - 6733 /
1 3 320 20 4 4 'I-' 6339 /
1 3 32121 4 4 ' 59.0 /
1 3 32222 4 4 "' 6078 /
1 3 323 23 4 4 "' 6143 /
1 3 3 24 24 4 4 ' 5983 /
1 3 32525 4 4 ' 7339 /
1 4 4 26 26 4 4 '1-' 3039 /
1 5 5 26 26 4 4 J+ 2568 /
1 6 6 27 27 4 4 '-' 2514 /
1 7 7 27 27 4 4 J+ 2552 |/
1 8 8 27 27 4 4 J+ 2472 |/
1 9 927 27 4 4 J+ 2328 |/
1 10 10 27 27 4 4 J+ 2274 |
1 11 11 27 27 4 4 "+ 2228 |/
1 12 12 27 27 4 4 '|+' 2232 /
1 14 14 4 4 3 3 'I- 1180.7 /
115 15 4 4 3 3 'J-' 1186.7 /
116 16 4 4 3 3 'J-' 1189.7 /
117 17 4 4 3 3 'J-' 1197.7 |/
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18 4 4 3 3 'I-' 12043 /
12 5 5 3 3 "I+ 10946 /
13 5 53 3 ' 11157 /
11 6 6 3 3 'J-' 10310 /
10 7 7 3 3 ' 999.6 /
9 8 8 3 3 - 9836 /

8 9 9 3 3 ' 9878 /

7 10 10 3 3 'I-' 10015 /
6 11 11 3 3 'I-' 10053 /
6 12 12 3 3 'I-' 966.6 /
513 13 3 3 'II' 9117 /
5 14 14 3 3 'I-' 8774 |
4 15 15 3 3 'l-' 8356 /
4 16 16 3 3 'I- 819.1 /
3 17 17 3 3 'l 7555 /
3 18 18 3 3 'I-' 720.2 /
319 19 3 3 'I'' 6733 /
3 20 20 3 3 'I-' 6339 /
321 21 3 3 'l- 596.0 /
3 22 22 3 3'l- 6078 /
3 23 23 3 3 'l' 6143 /
3 24 24 3 3 'l-' 5983 /
32525 3 3 'l- 7339 /
4 26 26 3 3 'l- 3039 /
526 26 3 3 'J+ 2568 /
6 27 27 3 3 'l 2514 |
7 27 27 3 3 'J+ 2552 /
8 27 27 3 3 '+ 2472 |
9 27 27 3 3 'J+ 2328 /
10 27 27 3 3 "+ 2274 |
11 27 27 3 3 'J+ 2228 /
12 27 27 3 3 '+ 2232 |/
15 1 12 2 'l- 979.0 /
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963.7 /
940.0 /
9045 /
860.9
665.4
657.5
652.0
586.0
620.4
743.0
213.5
284.7
366.6
395.4
464.4
504.3
553.3
595.7
716.9
583.6
576.6
518.7
750.1
767.4
698.9
721.1
666.0
644.2
743.7 |

~ O~~~ ~

~ N N~~~
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1958.0 /
1927.4 |
1880.5 /
1809.0 /

81



2 14 14 2 2 1 1 ' 17219 /
2 11 11 3 31 1 'l- 13308 /
2 12 12 3 31 1 ' 13150 /
2 13 13 3 31 1 'J-' 13039 /
2 10 10 4 4 1 1 '1- 11721 /
2 9 9 5 511" 12408 /
2 8 8 6 61 1 'l- 1486.0 /
2 7 7 7 711" 12221 /
2 6 6 8 8 1 1'l- 12427 /
2 6 6 9 911" 11719 /
2 5510 10 1 1 '1- 9887 /
2 5511 11 11" 9618 /
2 5512 12 1 1 '1- 10220 /
2 4 413 13 1 1 '1- 11106 /
2 4 4 14 14 1 1 ' 11895 /
2 3 3151511 ' 11313 /
2 2 216 16 1 1 '1- 1350.2 /
2 2 217 17 1 1 'I-' 14915 /
2 2 218 18 1 1 'I-' 14422 |
2 1 123 23 11" 11671 /
2 1 12424 11" 12537 /
2 1 12525 11" 1306.9 /
2 2 22 26 11 ' 11833 /
2 3 327 27 11" 10709 /
2 4 428 28 11 ' 11794 |/
2 5 528 2811 J+ 12605 /
/

- DATUM DATUM OWC OWC GOC GOC RSVD RVVD SOLN
-~ DEPTH PRESS DEPTH PCOW DEPTH PCOG TABLE TABLE METH
EQUIL

2355.00 234.46 2395.0 0.00 2355.00.000 1 1* 0/

RSVD
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2175 74.00
2496 74.00/

RPTRST
PRE SWAT SGAS SOIL SSOL RS DEN
VISC
BO BG BW
KRG KRO KRW
PCOW PCOG /

RPTSOL
PRE SWAT SGAS SOIL SSOL RS DEN
VISC
BO BG BW
KRG KRO KRW
PCOW PCOG/

SUMMARY
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FGIR
FGIT

WBHP
'PROD!
'INJ1'
'INJ2'
'INJ3'
'INJ4'

WOPR
'PROD'/
WWPR
'PROD'/
WGPR
'PROD'/
WWCT
'PROD'/
WOPT
'PROD'/
WWPT
'PROD'/
WGPT
'PROD'/
WLPR
'PROD'/
WLPT
'PROD'/
WGOR
'PROD'/

WGOT
'PROD'/
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FNPR
'PROD'/
FNPT
'PROD'/

WWIR
'INJ1
'INJ2'
'INJ3'
'INJ4'
/

WGIR
'INJT'
'INJ2'
'INJ3'
'INJ4'
/

FNIR
'INJ1'
'INJ2'
'INJ3'
'INJ4'
/

RUNSUM
SEPARATE

SCHEDULE
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RPTSCHED
'PRES' 'SWAT' 'SGAS' 'RESTART=1"' 'RS' 'WELLS=2' 'SUMMARY=2'
'CPU=2"'WELSPECS' 'NEWTON=2"/

------------------- WELL SPECIFICATION DATA -------------- ----

WELSPECS

-- WELL- GROUP- WELLHEAD(HEEL) REF. DEPTH- PREFFERED- DRAINAGE-
-- NAME NAME [ILOC. JLOC. FORBHP PHASE WELL REDIUS

'PROD' 'G' 8 26 2380 ‘'OIL 0.0 'STD' 'STOP' 'YES'0'AVG'0/
INJ1I" 'G_INJ* 19 7 2390 ‘WAT 0.0 'STD' 'STOP' 'YES'0'AVG' 0/
'INJ2' 'G_INJ" 19 14 2375 ‘WAT 0.0 'STD' 'STOP' 'YES'0'AVG'0/
INJ3" 'G_INJ* 19 20 2370 ‘WAT' 0.0 'STD' 'STOP' 'YES' 0'AVG' 0/
'INJ4" 'G_INJ' 16 25 2370 ‘WAT 0.0 'STD' 'STOP' 'YES'0'AVG' 0/
/

COMPDAT

-- CONNECTIONS TO ANNULUS
'PROD'82611 3* 0.216 3* 'Y'/
'PROD'82511 3* 0.216 3* 'Y'/
'PROD'82411 3* 0.216 3* 'Y'/
'PROD'82311 3* 0.216 3* 'Y'/
'PROD'82211 3* 0.216 3* 'Y'/
'PROD'82111 3* 0.216 3* 'Y'/
'PROD'82011 3* 0.216 3* 'Y'/
'PROD'81911 3* 0.216 3* 'Y'/
'PROD'81811 3* 0.216 3* 'Y'/
'PROD'81711 3* 0.216 3* 'Y'/
'PROD'81611 3* 0.216 3* 'Y'/
'PROD'81511 3* 0.216 3* 'Y'/
'PROD'81411 3* 0.216 3* 'Y'/
'PROD'81311 3* 0.216 3* 'Y'/
'PROD'81211 3* 0.216 3* 'Y'/
'PROD'81111 3* 0.216 3* 'Y'/
'PROD'81011 3* 0.216 3* 'Y'/
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'PROD'89 11 3* 0.216 3* 'Y'/

INJ1' 197 12 3* 0.216 3* 'Z'/
'INJ2' 191415 3* 0.216 3* 'Z'/
'INJ3' 192015 3* 0.216 3* 'Z'/
'INJ4' 162515 3* 0.216 3* 'Z'/

WEFAC
> 1.0/
/

WCONPROD

-- WELL- OPEN- CONTROL- OIL RATE- WAT. RATE- GAS RATE- LIQ.

RATE- RES. FLUID- BHP- THP-

-- NAME  SHUT FLAG MODE TARGET
RATE TARGET TARGET TARGET

TARGET TARGET

'PROD" 'OPEN' 'BHP" 1* 1* 1* 4000
/
WCONINJE
INJ1" 'WAT' 'OPEN' '‘RATE' 250
'INJ2"  'WAT' 'OPEN' 'RATE' 1250
'INJ3" 'WAT' 'OPEN' '‘RATE" 1250
'INJ4" 'WAT' 'OPEN' 'RATE' 1250
/
TSTEP
100*10/
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1*

1
1*
1%
1*

TARGET

210 1%/

400/
400/
400/
400/



WCONINJE
INJ1'
'INJ2'
'INJ3'
'INJ4'

WSOLVENT
'INJ1" 1/
'INJ2" 1/
'INJ3" 1/
'INJ4" 1/

/

TSTEP
50*10/

WCONINJE
'INJ1'
'INJ2'
'INJ3'
'INJ4'

TSTEP
50*10/

WCONINJE
'INJ1'

'‘GAS'
'GAS'
'‘GAS'
'GAS'

‘WAT
'WAT'
‘WAT
'WAT'

'‘GAS'

'OPEN' '‘RATE'
'OPEN' ‘RATE'
'OPEN' '‘RATE'
'OPEN' ‘RATE'
'OPEN' ‘RATE'
'OPEN' '‘RATE'
'OPEN' ‘RATE'
'OPEN' '‘RATE'
'OPEN' '‘RATE'
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80000

200000
200000
200000

250

1250
1250
1250

80000

1
1%
1%
1%

1
1*
1
1*

1*

400/
400/
400/
400/

400/
400/
400/
400/

400/



'INJ2'
'INJ3'
'INJ4'

WSOLVENT
INJ1" 1/
'INJ2" 1/
'INJ3" 1/
'INJ4" 1/

/

TSTEP
50*10/

WCONINJE
'INJ1'
'INJ2'
'INJ3'
'INJ4'

TSTEP
50*10/

WCONINJE
'INJ1
'INJ2'
'INJ3'

'‘GAS'
'GAS'
'‘GAS'

‘WAT
'WAT'
‘WAT
'WAT'

'OPEN' '‘RATE'
'OPEN' ‘RATE'
'OPEN' '‘RATE'
'OPEN' ‘RATE'
'OPEN' '‘RATE'
'OPEN' ‘RATE'
'OPEN' '‘RATE'
'OPEN' '‘RATE'
'OPEN' '‘RATE'
'OPEN' '‘RATE'

200000
200000
200000

250

1250
1250
1250

80000
200000
200000

1*
1*
1*

1
1*
1
1*

1*

1*

400/
400/
400/

400/
400/
400/
400/

400/
400/
400/



'INJ4" 'GAS'

WSOLVENT

INJ1" 1/

'INJ2" 1/

'INJ3" 1/

'INJ4" 1/

/

TSTEP

50*10/

WCONINJE
'INJ1" 'WAT'
'INJ2"  'WAT'
'INJ3" 'WAT'
'INJ4" 'WAT'

/

TSTEP

50*10/

WCONINJE
'INJ1'  'GAS'
'INJ2"  'GAS'
'INJ3'  'GAS'
'INJ4" 'GAS'

'OPEN' '‘RATE' 200000
'OPEN' '‘RATE' 250
'OPEN' '‘RATE" 1250
'OPEN' 'RATE' 1250
'OPEN' '‘RATE" 1250
'OPEN' 'RATE' 80000
'OPEN' '‘RATE" 200000
'OPEN' 'RATE' 200000
'OPEN' '‘RATE" 200000
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1*

1
1
1*
1

1*

400/

400/
400/
400/
400/

400/
400/
400/
400/



WSOLVENT
'INJ1" 1/
'INJ2" 1/
'INJ3" 1/
'INJ4" 1/

/

TSTEP
50*10/

WCONINJE
'INJ1'
'INJ2'
'INJ3'
'INJ4'
1

TSTEP
50*10/

WCONINJE
'INJ1'
'INJ2'
'INJ3'
'INJ4'

WSOLVENT
INJ1" 1/
'INJ2" 1/

‘WAT
'WAT
‘WAT
'WAT

'GAS'
'‘GAS'
'‘GAS'
'‘GAS'

'OPEN' '‘RATE' 250
'OPEN' 'RATE' 1250
'OPEN' ‘RATE" 1250
'OPEN' 'RATE' 1250
'OPEN' '‘RATE' 80000
'OPEN' 'RATE' 200000
'OPEN' '‘RATE" 200000
'OPEN' 'RATE' 200000
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1
1%
1+
1%

1
1*
1%
1*

400/
400/
400/
400/

400/
400/
400/
400/



'INJ3" 1/
'INJ4" 1/
/

TSTEP
50*10/

WCONINJE
'INJ1'
'INJ2'
'INJ3'
'INJ4'

TSTEP
50*10/

WCONINJE
'INJ1'
'INJ2'
'INJ3'
'INJ4

WSOLVENT
'INJ1" 1/
'INJ2" 1/
'INJ3" 1/
'INJ4" 1/

'WAT
‘WAT
'WAT
‘WAT

'GAS'
'‘GAS'
'GAS'
'‘GAS'

'OPEN' '‘RATE' 250
'OPEN' ‘RATE" 1250
'OPEN' 'RATE' 1250
'OPEN' ‘RATE" 1250
'OPEN' '‘RATE' 80000
'OPEN' 'RATE' 200000
'OPEN' '‘RATE" 200000
'OPEN' 'RATE' 200000
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1
1+
1%
1+

1*

1*
1*

400/
400/
400/
400/

400/
400/
400/
400/



TSTEP
50*10/

WCONINJE
INJ1'
'INJ2'
'INJ3'
'INJ4'
1

TSTEP
50*10/

WCONINJE
'INJ1'
'INJ2'
'INJ3'
'INJ4'

WSOLVENT
'INJ1" 1/
'INJ2" 1/
'INJ3" 1/
'INJ4" 1/

/

TSTEP

'WAT
'‘WAT
'WAT
‘WAT

'‘GAS'
'GAS'
'‘GAS'
'GAS'

'OPEN' '‘RATE' 250
'OPEN' ‘RATE" 1250
'OPEN' 'RATE' 1250
'OPEN' ‘RATE" 1250
'OPEN' '‘RATE' 80000
'OPEN' '‘RATE'" 200000
'OPEN' 'RATE' 200000
'OPEN' '‘RATE'" 200000
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1
1+
1%
1+

1*

400/
400/
400/
400/

400/
400/
400/
400/



50*10/

-- WSEGITER
-2550.13.0/

TUNING
11/

2*1001* 16/

END
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Appendix C: Known variables for algebraic controller
Cp=0.85C,=1.34-e 5 aucp=3.41-e7°, AP,,;,= 20 bar,
T A
A=-D?=—(0.002)2 = 3.2687 - ¢~®
4 4
x=3.35, y= 0.4, oi= 2.7, Uyater= 0.45, fyqs= 0.02,

Poir= 890 kg/M?, pyyqrer= 1100 kg/m?, p1g4s= 150 kg/m?®
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OLGA model with OPENHOLE/ICD and AICD

Appendix D
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OLGA model for ICD (left) and AICD (right)

96



	1 Introduction
	1.1 History and Statistics
	1.2 Modern technology
	1.3 Task description
	1.3.1  Objectives
	1.3.2  Outline


	2 Literature review
	2.1 Water-alternating gas (WAG) injection
	2.2 CO2 enhanced oil recovery (EOR)
	2.2.1  Miscible CO2-EOR
	2.2.2 CO2 properties for EOR
	2.2.3  Immiscible CO2-EOR

	2.3 Advanced well technology
	2.4 Flow control technology
	2.4.1  Inflow control device (ICD)
	2.4.2  Autonomous inflow control device (AICD)
	2.4.3  Autonomous inflow control valve (AICV)


	3 Theoretical background
	3.1 Reservoir rock properties
	3.1.1  Porosity (ф)
	3.1.2  Permeability (k)
	3.1.3  Relative permeability (,k-𝑟.)
	3.1.4  Wettability
	3.1.5  Capillary pressure (,P-𝑐.)
	3.1.6  Saturation of fluid

	3.2 Reservoir fluid properties
	3.2.1  Classification of crude oil
	3.2.2  Reservoir fluids
	3.2.3  Black oil model
	3.2.4  Gas-oil ratio (GOR)
	3.2.5  Water cut (WC)

	3.3 Mathematical models for inflow control devices
	3.3.1  Passive inflow control device (ICD)
	3.3.2  Autonomous inflow control device (AICD)
	3.3.3 Valve opening control with Algebraic controller for AICD
	3.3.4  Autonomous inflow control valve (AICV)

	3.4 Multisegment well model
	3.5 Solvent model
	3.5.1 Todd-Longstaff model


	4 Development of the OLGA/ECLIPSE model
	4.1 Well model in OLGA
	4.1.1 Flow component set-up
	4.1.2 Case definition
	4.1.3 Compositional setup

	4.2 Reservoir model in ECLIPSE
	4.2.1 PUNQ-S3 reservoir model construction
	4.2.2 PUNQ-S3 reservoir rock and fluid properties
	4.2.3 Water and CO2 injection
	4.2.4 PUNQ-S3 reservoir permeability
	4.2.5 Initial conditions

	4.3 Multisegment well model in ECLIPSE

	5 Results and discussion
	5.1 Horizontal well with FCDs in OLGA and ECLIPSE
	5.1.1 Oil production
	5.1.2 Water production
	5.1.3 Liquid production
	5.1.4 Water cut variations
	5.1.5 Performance analysis of algebraic controller for AICD
	5.1.6 Fluid and gas saturations

	5.2 CO2-WAG vs WAG
	5.2.1 Oil production
	5.2.2 Water production
	5.2.3 Water cut and GOR

	5.3 Multilateral wells with different FCDs
	5.3.1 Oil production
	5.3.2 Water production
	5.3.3 Water cut

	5.4 Water/CO2 injection ratio for CO2-WAG injection
	5.5 Discussion
	5.5.1 Simulation in OLGA/ECLIPSE
	5.5.2 Simulation in ECLIPSE
	5.5.3 Future task recommendation


	6 Conclusion
	References
	Appendix A: Thesis task description
	Appendix B: ECLIPSE data file for PUNQ-S3 reservoir model
	Appendix C: Known variables for algebraic controller
	Appendix D: OLGA model with OPENHOLE/ICD and AICD

