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Summary: Oil and gas will remain the most important source of energy for the
foreseeable future and there is an urgent need to improve oil and gas recovery with less
carbon footprint to meet the future energy demands. The extraction of oil from a reservoir
starts by drilling a well into the oil zone. Initially, due to the high pressure, the oil is pushed
towards the surface. But as the pressure inside the reservoir drops a mechanism such as
water injection is required to maintain the pressure high inside the reservoir. Th process
is called secondary oil production. One of the main principles to achieve 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 and/or water
breakthrough due to the heel-toe effect and heterogeneity along with the horizontal wells.
To tackle this problem, advanced wells are used. Advanced wells are horizontal wells
equipped with downhole Flow Control Devices (FCDs), which are passive Inflow Control
Devices (ICDs), Autonomous Inflow Control Devices (AICDs), Autonomous Inflow
Control Valves (AICVs), and Interval Control Valves (ICVs). To achieve a successful
design of horizontal wells, a suitable dynamic model of oil field and advanced wells must
be developed.

With and objective of comparing the vertical well production with horizontal good
production and analyzing the effect of horizontal good length on the productivity of the
well different reservoir model has been developed using Petrel 2021 software. Also, the
flow control devices such as ICD, AICD, and AICV have been mathematically modeled.

The result of the study shows that the production rate of the reservoir with a horizontal
well is higher than the reservoir with a vertical well. Different phenomenon such as early
water breakthrough in horizontal wells is also presented. Also, the effect of high
permeability zones on well production and injection is presented. Moreover, it is observed
that doubling the length of horizontal well have increased the oil production by 70%.
Hence it can be concluded that Petrel is a very good platform to create the dynamic
reservoir model and the simulation results show that the field with horizontal wells is more
effective than the field with vertical wells.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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1 Introduction

1.1 Background

Ever since the industrial revolution, we have been burning fossil fuels. Although, over the past
few centuries the consumption of fossil fuels has changed significantly in terms of what we
burn and how we burn. From 1950 to 2020 the consumption of fossil fuel has increased eight-
fold, and it is doubled since 1980. But the type of fossil fuel has changed from coal to oil and
gas. Coal consumption is falling in many parts of the world while oil and gas are still increasing.
Below Figure 1.1 shows the consumption of oil, gas, and coal since 1800. [1]

Global primary energy consumption by fossil fuel source, measured in terawatt-hours (TWh)

120,000 TWh Gas
100,000 TWh

80,000 TWh

60,000 TWh

40,000 TWh

20,000 TWh

0 TWh - —
1800 1850 1900 1950 ot

Source: Vaclav Smil (2017). Energy Transitions: Global and National Perspective & BP Statistical Review of World Energy
QurWorldInData.org/fossil-fuels/ + CC BY

Figure 1.1: Global fossil fuel consumption [1]

In 2017, 54% of the world’s energy consumption came from oil and gas. By 2050, it is expected
that only 20% of the world’s energy supply will come from solar- or wind power. However,
there will be about 2.2 billion more people on earth. [2] But we can take a look at the next
decade we can understand the significance of oil. This is because oil is not just used in
passenger cars but also in heavy-duty transport and some other industries such as

petrochemicals and aviation.
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Figure 1.2 below shows the change in oil demand between 2020 and 2030 according to
respective sectors and regions in three different scenarios. Only in NZE (Net zero-emission)
scenario, the change in oil demand for the transport sector goes into negative value. In the
current stated policies scenario (STEPS), the oil demand will still increase. Also, there will be
a huge demand for oil in developing economies according to STEPS. This chart can be summed
up as the global oil market is largely dependent on the change in road transport. Also, due to
large increases in the Middle East, India and China oil demand for petrochemicals will increase
in all scenarios.

Sectors Regions
b T T P PP PP PSPPSR Sectors

Other
O m Power
10 e e G v eereveesenesanensansaned B R Buildings
[ © | Other industry
M Petrochemicals
0 - m — : , 7 Other transport
. W Road transport
Regions
D ] PP <.co....  HAdvanced economies
Emerging market and
o developing economies

mb/d

STEPS APS  NZE STEPS APS  NZE Net change

Figure 1.2: Change in oil demand by a scenario from 2020 to 2030. [3]

In the current situation, it is not possible to find a 100 % replacement for the oil. Although,
there is a potential to have a more environmentally friendly oil & gas industry. Additionally,
2% of the world's oil production comes from Norway. If Norway stops oil production, it will
have a negligible impact on world oil production since other countries will compensate for the
difference. [2] Norwegian Continental Shelf (NCS) is one of the most technologically advanced
petroleum regions in the world. To ensure that NCS is at the forefront of technological
innovations, OG21 (Oil and gas for the 21st century) has come up with a plan to guide research
in the field of petroleum technology with an objective of efficient, secure, and environmentally
friendly oil and gas production for next generation. Keeping in mind the OG21 strategy, the
research project called DigiWell (digital wells for optimal production and drainage) is
developed at USN. Along with SINTEF, UiO, ICL, and MIT as the main research partners, this
project is funded by the Norwegian Research Council. The main aim of this project is to
develop new methods, algorithms, and tools for the prediction of oil production under uncertain
conditions to maximize profit margins by minimizing production costs. This thesis is part of
this project, and it is of great interest to model and evaluate the performance of advanced wells
to improve oil recovery. [4]

1.2 Problem Description

Petroleum reservoirs usually start with a formation pressure high enough to force crude oil into
the well and sometimes to the surface through the tubing. This is known as primary recovery.
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However, since production is invariably accompanied by a decline in reservoir pressure,
“primary recovery” through natural drive soon comes to an end.

When a large part of the crude oil in a reservoir cannot be recovered by primary means, A
“secondary recovery” is required to reenergize or “pressure up”’ the reservoir. This is
accomplished by injecting gas or water into the reservoir to replace produced fluids and thus
maintain or increase the reservoir pressure. When gas alone is injected, it is usually put into the
top of the reservoir, to form a gas cap. The gas injection can be a very effective recovery method
in reservoirs where the oil can flow freely to the bottom by gravity.

An even more widely practiced secondary recovery method is waterflooding. After being
treated to remove any material that might interfere with its movement in the reservoir, water is
injected through some of the wells in an oil field. It then moves through the formation, pushing
oil toward the remaining production wells. The wells to be used for injecting water are usually
located in a pattern that will best push oil toward the production wells. Water injection often
increases oil recovery to twice that expected from primary means alone. [5] This thesis focuses
on secondary oil recovery using water flooding.

beam pumping unit water-injection sites

injection wells

production well

Figure 1.3: Waterflooding technique for oil production. [5]

To achieve cost-effective and efficient oil recovery it is necessary to maximize the well-
reservoir contact, and this is achieved using long horizontal wells. Although, this method has
its challenges. Due to the heel-toe effect and heterogeneity along with the horizontal wells,
early gas and/or water breakthrough is obtained. To tackle this problem, advanced wells are
widely used today. Advanced wells are horizontal wells equipped with downhole Flow Control
Devices (FCDs), sand screens, zonal isolation as well as monitoring and control systems, etc.
FCDs are the key elements of advanced wells. The main types of such devices are passive
Inflow Control Devices (ICDs), Autonomous Inflow Control Devices (AICDs), Autonomous
Inflow Control Valves (AICVs), and Interval Control Valves (ICVs). To achieve a successful
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design of advanced wells, a suitable dynamic model of oil field and advanced wells must be
developed. Generally, it is difficult to observe and understand the dynamics of fluid flow in a
porous medium and this is one of the main barriers to developing such dynamic models. Also,
it is not possible to measure all the parameters that influence the multiphase flow behavior
inside a reservoir. Consequently, predicting how a reservoir will produce over time and respond
to a different drive and displacement mechanisms. [4]

1.3 Objective

The main objective of this thesis is modeling and simulation of secondary oil recovery with
water flooding from a heterogeneous reservoir through advanced wells completed by main
types of FCDs. PETREL is commercial software developed by Schlumberger and is used to
develop the simulation model.

1. Literature study

« reservoir rock and fluid properties

* Improved oil recovery by water flooding

» Advanced wells

Developing the simulation models model using PETREL.

3. Modeling and implementing advanced wells completed by ICDs, AICDs, and AICVs,
in Petrel.

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

N

1.4 Thesis Outline

There is 7 chapter in this thesis. The first chapter focuses on discussing the background of oil
production and the problem that this thesis is looking to solve along with the objectives of the
thesis. Chapter 2 focuses on the literature review where the previous work in this field is studied
which is helpful to meet the objectives of this thesis which includes the study of the water
flooding, horizontal wells, and the advanced wells. Chapter 3 continues discussing the
necessary theory in the field of petroleum engineering which is crucial to understanding the
thesis. Which also includes solving mathematical models for different flow control devices.
The simulation software used for the reservoir modeling is Petrel and the next chapter which
is the Reservoir Model focuses on different aspects of the reservoir model in Petrel which are
the geological model, flow model, well model, and such. At last, the results of the simulation
are presented with a detailed discussion of the results in the discussion chapter.
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2 Literature Review

2.1 Water flooding

Waterflooding is the most widely used fluid injection process in the world today. Since 1880
it has been recognized that injecting water into the reservoir in certain formations has the
potential to improve oil recovery. Although, the current boom in waterflooding begins only in
the 1950s. Water injection carried out at a time when the reservoir pressure is at a high level is
frequently referred to as a pressure maintenance project. While, if water injection commences
at a time when reservoir pressure has declined to a low level due to primary depletion, the
injection process is usually referred to as a waterflood. [6] See Figure 1.2 in the introduction
chapter.

2.1.1 Water flooding pattern

Many older fields were built with irregular well spacing, improved reservoir mechanics, and
conservation principles which have resulted in more uniform well spacing and drilling
patterns in recent years. A field is usually completely established when a waterflood begins.
Because infill wells are costly to dig and equip, we'll have to make do with the existing well
patterns. As a result, a field should be developed on a design that will allow for increased
recovery operations in the future. As a result, an awareness of the most typical flood patterns
is required. [6]

2.1.1.1 Direct line drive

As previously stated, the only way to achieve a 100% areal sweep at the time of breakthrough
is to inject fluid throughout the whole vertical plane. This is not physically viable, but it can be
approximated with a layout in which the production and injection wells are directly offset. As
the d/a ratio grows, the sweep efficiency of this design improves, where d is the distance
between adjacent rows of producers and injectors and a is the distance between adjacent wells
in a row as shown in figure 2.1. [6]

14



----0
----0
---0

4____?____
- -

—— — -

O-==pr===0=---==0

O===7=770

o--p". A

O producing well

a injection well

pattern boundary

Figure 2.1: Direct inline drive pattern [6]

2.1.1.2 Staggered line drive

As shown in Figure 2.2. The staggered line drive is just a variant of the direct line drive in
which rows of producing and injection wells are relocated one-half the inter-well distance
between them. This staggering has the effect of greatly increasing breakthrough efficiency
when compared to direct line driving, especially for low d/a ratios, as illustrated by the graph
in Figure 2.3. As a result, this flood pattern is preferred to the direct line drive if the
development pattern allows it. [6]
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Figure 2.2: Staggered line drive [6]
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Figure 2.3: Flooding efficiency of direct line (1) and staggered line drive (2 and 3) well networks as a function
of d/a. At a mobility ratio of 1. [6]

2.2 Horizontal wells

Horizontal wells are wells that extend horizontally across a reservoir to recover oil. Horizontal
wells are divided into two sections: vertical depth and horizontal depth (wellbore). In the
horizontal segment, oil flows from the reservoir to the well. The first part of the horizontal
section is the heel and the end part is the toe as shown in Figure 2.4. Statoil Company's longest
horizontal well in the Statfjord field had a horizontal extension of 7288 meters and a true
vertical depth of 2788 meters. [7]

— Al
P
Horizontal Mobilz Coke Combustion Air
Producton Well 0d Zone Zone Zone Iniection Well

Figure 2.4: Representation of horizontal well. [7]
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The advantage of a horizontal well is that it covers a larger area of the reservoir than vertical
wells, hence boosting productivity. According to research conducted in Troll Field, the
horizontal well's productivity index (J) was 40 times that of the vertical well's productivity
index. Horizontal wells also have the advantage of retrieving oil from the field faster, at a lower
cost, and with greater efficiency than vertical wells. They also give higher oil recovery from
the reservoir, fewer surface disturbances because fewer wellheads may be required, and lower
operational costs because fewer wells would be employed. [7]

2.2.1 Heterogeneity in Horizontal well

Figure 2.5 illustrates the impacts that occur in the heterogeneous reservoir. The heterogeneous
reservoir is divided into zones, each with its own set of characteristics, including permeability.
Different oil inflow in the wellbore can result in early water breakthrough to the zone with high
permeability. As a result, total production will originate from select zones with high
permeability while oil production to zones with poor permeability will be hindered, resulting
in lower overall oil recovery. When the heterogeneous reservoir is influenced by both the

Figure 2.5: Breakthrough of oil and gas in the heterogeneous reservoir. [8]

ICDs help in attaining uniform fluid influx into the wellbore by increasing the pressure drop in
the higher permeability zones. Installation of ICDs increases the overall oil recovery. See figure
2.6. [7]

Figure 2.6: Uniform inflow profile after installation of ICD in heterogeneous reservoir [8]
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2.2.2 Hill-toe effect

Friction pressure drop along the wellbore causes changes in inflow rates between the heel and
toe of the horizontal well, which are caused by friction pressure drop along the wellbore. As
demonstrated in figure 2.7, the difference in inflow rates between the heel and the toe might
produce earlier water or gas (or both) breakthrough in the wellbore. Figure 2.7 represents a
horizontal well perforating an oil reservoir with a gas cap at the top (red color) and an aquifer
at the bottom (blue color). Due to higher pressure losses in the wellbore, the inflow rate at the
heel will be higher than at the toe, causing WOC to move faster in the heel and, as a result,
earlier water or gas breakthrough is obtained which hinders the oil production. [7]

‘,
L
Heel . . = 3 -

|t Toe

3

Figure 2.7: Hill toe effect in a horizontal well. [9]

The cumulative oil recovery increases as the horizontal well length increases, but due to the
heel-to-toe effect, it will eventually reach a length where cumulative oil output stops increasing,
as shown in Figures 2-8. The permeability of the reservoir, the viscosity of the fluid, the
wellbore diameter, and the drawdown pressure all have a role in the cumulative oil output with
good length, as illustrated in Figure 2.8 for the different permeability scenario. [7]
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Figure 2.8: The variation of cumulative oil production with the Well length [7]

2.3 Inflow Control Devices

ICDs are devices that are installed in a horizontal well to address the problem of excessive gas,
water, or both production that is caused by water/gas breakout, as well as a screen to reduce
excessive sand production. As shown in Figure 2.9, the ICDs create fluid restriction or friction
as it passes through the channel, nozzle, or orifice, where fluid from the annulus represented
by the red arrow flows to the orifice and finally to the production pipe. The fluid pressure drops
due to the limiting of fluid delivered by ICDs. ICDs are inserted in well segments with lower
pressure drops to add extra pressure drops, balance pressure drops across the wellbore, and
finally equalize the inflow along the wellbore. [7]

Because of their inactive flow control nature, ICDs are also known as Passive Flow Control
devices. If the type of fluid flowing through the ICD limitation changes, the pressure drop
through the ICD will change. However, after the device is put in the wellbore, the ICD
restriction cannot be changed. ICDs cannot actively change the volume of fluid produced once
an unwanted fluid has congealed at the completion joint. ICDs are therefore termed passive
FCDs since they are placed early in the well's life cycle and manage the well's inflow profile
before water and/or gas breakout. [10]

An ICD turbulent flow regime results in a quadratic relationship between velocity and pressure
drop, which makes ICDs efficient in reducing gas generation. Because the pressure decrease is
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related to the square of velocity, gas moving through the ICDs has stronger restrictions than oil
or water. [7]

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

Into FIoRegI\CD o\riﬁoes / / / / /

]

Figure 2.9: Schematic diagram of orifice ICD. [7]

2.3.1 Channel-type (Helical channel) ICD

The ICD shown in Figure 2.10 is a channel-type ICD that generates a pressure drop by using
surface friction. The fluid passes through the channel type ICD by traveling via a predetermined
length of the channel, then through the opening, and finally into the wellbore. The length of
the channel and the diameter of the opening determine the pressure drop in channel-type ICDs.
When the fluid passes through these ICDs, it will change direction, causing the pressure loss
to be dispersed over a longer channel path. This type of ICD is designed to be long usually 120
inches. enough to provide enough pressure drop. [7]

Figure 2.10: Helical channel type ICD. [7]

The performance of channel type ICDs is explained by Poisecuille’s law, where the pressure
drops of fluid passing through the channel type ICD are proportional to fluid viscosity and
velocity as it is shown in Poiseuille’s equation. See equation(2.1)
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2.3.2 Orifice/Nozzle type ICD

Figure 2.11 shows nozzle-type ICDs that enable fluid limitation to achieve the desired pressure
drop. To induce flow resistance, fluid is pushed to pass through small openings (orifices) in a
pipe. The pressure drop is caused by the flow resistance that is created. As described by the
equation (2.2), these ICDs are sensitive to the density and square of the velocity of the fluid
moving through the ICD. [7]

2
ap=£22Y

(2.2)

Figure 2.11: Nozzle type ICD. [7]

The advantage of an orifice/nozzle type ICD is that it is easy to construct and may be employed
in a reservoir with a wide difference in viscosity between water and oil. It can easily choke
water because the pressure drop is independent of viscosity. However, nozzle-type ICDs are
dependent on fluid velocity, making them more susceptible to sand particle erosion and less
resistant to plugging. [7]

2.4 Autonomous Inflow Control Device (AICD)

After nearly a decade of ICD application, Hydro and Easywell Solutions launched this
"Advanced" type of ICDs, which coincided with the development of Inflow Control Valves
(ICVs) for intelligent wells. When the water or gas influxes, which has a different density of
the fluid mixture, the AICD is triggered by changes in the fluid properties. The device is
autonomous and does not require any human or other interaction. The AICD concept was
created to address the problem of localized water influx in the North Sea fields of Grane and
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Brage, as well as to aid in the control of gas-cap gas ingress in the "thin oil column™ area of the
Troll field. [10]

The function of AICD is based on the Bernoulli principle by neglecting elevation and
compressible effect. And it is expressed by the following equation(2.3). [11]

1

R+ N2=P, +% V2 +AP, 2.3)

riction loss

Where, P, is the static pressure, > pV,2is the dynamic pressure, and AP ... .., iS the frictional

pressure loss. This equation states that the static pressure, the dynamic pressure, and the
frictional pressure losses along the streamline are constant. [11]

Disk

Figure 2.12: AICD design [11]

The AICD is the part of the sand screen joint. The fluids from the reservoir enter the completion
through the sand screen filter and flow along the annulus and into the AICD as represented by
the red arrows in Figure 2.13. The fluids further flow into the production tubing and then to the
surface along with the flow from other AICDs. [11]

Figure 2.13: AICD flow path and operation. [11]
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2.5 Autonomous Inflow Control Valve (AICV)

For high viscous fluids, the AICV opens, while for low viscous fluids, it closes. The
functionality is regulated via a minor pilot flow line that runs parallel to the main flow path and
carries about 2-5% of the overall flow rate. The minor pilot flow represents the total flow rate
through the valve when it is closed. [12]

Figure 2.14 shows the pressure profile in the pilot flow path, with expected pressure at various
points along the pilot flow path for oil, water, and gas. P2 is low when the pressure drop through
the laminar flow element is high, as it is for oil, and the valve is fully open, producing oil. Low
viscous fluids, such as gas/steam, have a lower pressure drop through the laminar restrictor,
resulting in a larger P2. The piston will be actuated by the high pressure, which will close the
valve. A piston position that restricts or closes low viscosity fluids such as gas/steam is
necessary for gas/steam and water choking or shutoff applications. This is accomplished by
altering the LFE, TFE, and valve flow areas, resulting in varying P2 pressure, different valve
piston positions, and consequently, different net forces acting on the piston. As a result, by
adjusting various parts of AICV as in Figure 2.15, oil production can be easily adjusted. [12]

LFE | TFE
M /’
. 4 »
Pilot flow
b1 I P2 | b3 Well
—_— —p
P |
P1 _\\ P2 Gas/steam
M
A P2 water
E\ apP LFI;: Heavy Oil
% ! —— Water
g ——Gas fsteam
« P2 heavy oil
P3
Flow length

Figure 2.14: AICV pressures. [12]
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Figure 2.15: AICV components. [12]

2.6 Multi-segmenting

In the standard well model, instantaneous flow inside the well is assumed hence the pressure
drop is always hydrostatic. [13] Therefore, the standard well model cannot be used to model
the frictional pressure losses, acceleration pressure loss, and pressure drop across the flow
control device. To overcome the shortcomings of the standard well model when it deviated to
horizontal wells, a more rigorous well model is used which is a multi-segment well model. In
this model well is divided into multiple segments. [14] The appropriate number of segments
depends on the desired accuracy of the well being modeled. A separate segment can be created
for each grid block in which the well is completed. [15] As shown in Figure 2.16 where ICDs
are included in individual segments.
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Inflow from reservoir

Annulus

Figure 2.16: ICDs implemented in multisegmented model as individual segments. [16]

Muti-segment well analysis breaks the well into a series of continuous segments with 0, 1, or
more connections to the reservoir grid blocks. Each segment will consist of four equations three
material balance equations and one pressure drop equation. These equations contain the
elements that define hydrostatic, acceleration, and friction effects. These equations are solved

pressure, flow rate, and fluid composition in each segment. [16]

The four different primary elements in the well being Q,, Q,, Q,and P. [13] and the well

related equations are given in Figure 2.17.

Well related equations
For each segment, we have four primary variables

Qw: Qoy Qg P

-

" Inflow
Mass balance equations P—
For each segment, each phase

outlet segment

Am
l? m PZ — ( n Gp; T+ () m — 0 \
pi At E: 2! Z Ipj “P inlet segments
e JjEn
- r.d | e inflow rate frqm [ flow rate towards |
Change of phasep | | fom inlet 'hethfese";"o" . the outlet segment 1
in the segment | | roug T
' 7 D connections

Figure 2.17: Well related equations. [13]

The inflow rate from the reservoir is described by the equation in Figure 2.18.
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Figure 2.18: Inflow in the segment [13]

The fourth equation which is the pressure equation for each segment defines its pressure drop
as a function of the flow rate through its outlet. Applying the steady-state pressure loss

relationship gives the equation in Figure 2.19. [15]

Pressure equation for each segment

Ryn=Py~Py_1—APy —APp — APy =10

hydrostatic | -
pressure drop

(" acceleration |

| pressure drop J
Al <

f ﬁ |

| pressure drop J

=)

Figure 2.19: Pressure equation for each segment. [13]
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3 Theoretical background

3.1 Reservoir Properties

Reservoir rock and fluid properties in the exploration and production of petroleum reservoirs
are very important. Therefore, detailed knowledge of reservoir rock and fluid properties is the
backbone of almost all exploration and production-related activities such as reservoir
engineering, reservoir simulation, well testing, production engineering, enhanced oil recovery
(EOR), or improved oil recovery (IOR) methods, and so on. Hence, we will be discussing these
properties in this chapter. [17]

3.1.1 Porosity

The petroleum reservoir rocks appear to be solid but are often porous from the inside. The
sandstone such as in the figure consists of the sand grain of varying sizes that come together as
part of the dispositional process to form the consolidated sandstone rock. These grains in rock
have a void space between them which forms the tiny opening in the rock. This opening varies
from 20- 200 um. Hence, just like a sponge soaked in water petroleum reservoir rock stores the
fluid in it. And this distinct storage capacity of a reservoir rock is called porosity. Hence, the
greater the porosity of rock greater the capacity to store the petroleum fluids.

Figure 3.1: Sandstone sample. [18]
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Rock grains

Figure 3.2: Conceptual representation of pore space. [17]
Porosity is denoted by ¢ and is mathematically expressed by the following equation (3.1)

o= Porevolume
Total or bulk volume

(3.1)

The pores inside the rock can vary as shown in Figure 3.3 and this leads to the concept of
total or absolute porosity.

Dead end or
cul-de-sac pore

Isolated or
closed pore

Figure 3.3: Different types of pores. [17]

Total/Absolute Porosity is the ratio of the total void space in the reservoir rock to the total or
bulk volume of the rock. And is given by equation (3.2).

Volumeof inerconnected pores +Volume of dead end pores +

Volumeof isolated pores
. P (3.2)
Total or bulk volume
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Even though a reservoir has very high absolute porosity it is possible that due to a lack of
interconnectivity the reservoir fluid remains trapped inside the isolated pores and it becomes
unrecoverable. And this leads us to define effective porosity.

Effective porosity is defined as the ratio of the volume of interconnected pores and dead end
pores to the total or bulk volume. And is given by equation(3.3).

_ Volumeof inerconnected pores +Volume of dead end pores

(3.3)
Total or bulk volume

3.1.2 Absolute Permeability

If one must compare permeability with the porosity, one can say porosity is the static property
of a porous medium while permeability is the dynamic flow property and hence can be only
characterized by conducting flow experiments on reservoir rocks. The absolute permeability or
simply the permeability can be defined as the ability to flow or transmit the fluids through a
rock that is fully saturated with a single-phase fluid. [17]

Rock Grains

Fluid flow dependent on

permeability

P Pore space

Fig 3.4: Illustration of permeability of a reservoir rock. [17]

Permeability of the porous medium is represented by k. Permeability can be mathematically
expressed by Darcy’s Law.

3.1.2.1 Darcy’s Law

It was Henry Darcy, a French civil engineer, who led to the development of mathematical
expression which is still used today by the petroleum industry. It allows the calculation of
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absolute permeability in the porous medium through flow experiments. [17] Darcy’s
experiment can be schematically represented in Figure 3.5.

Core plug sl 5.

Fig 3.5: Schematic representation of Darcy experiment. [17]

The following equation(3.4) shows the mathematical form of Darcy’s flow experiments.
Q=kalh=h) Ihz) (3.4)

Q is the volumetric flow rate through the core plug (in m%/s), K the proportional constant also
defined as hydraulic conductivity (in m/s), A the cross-sectional area of the core plug (in m?),
L the length of the core plug (in m or ft), and hy and hz represent the hydraulic head at inlet and
outlet, respectively (in m or ft).

Alternatively, an equation (3.4) can also be expressed in terms of the pressure gradient dP over
a section dL as below.

dP
=-KA— 3.5
Q m (3.5)
Where,
dP = Ahpg (3.6)

dP is the difference between the upstream and downstream pressures (N/m?), Ah is the
difference between the upstream and downstream hydraulic gradients (m), p is the fluid density
(kg/m3), and g is the acceleration due to gravity (9.81 m/s?).

To generalize the equation(3.5) to other fluids, viscosity u of a given fluid can be incorporated
such that K is expressed as a ratio of k/u, where. Hence equation(3.5) can be written as an
equation(3.7)
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Q=——A— 3.7)

In petroleum reservoir applications, the above equation has to be converted for the radial
flow. To do this dL in the above equation(3.7) is replaced by the dr. Also, area A becomes
2nrh. This gives the below equation(3.8).

k dpP
Q=;Aa (3.8)

In SI unit permeability is measured in m?. However, given it’s a porous medium the value in
m? can increase to a very high number. Therefore, petroleum industry introduced the unit
‘darcy’. [17]

A porous medium is said to have a permeability of one darcy when a single-phase fluid having
a viscosity of one centipoise (cP) completely saturates the porous medium and flows through
it at a rate of 1 cm®/s under a viscous flow regime and a pressure gradient of 1 atm/s through a
cross-sectional area of 1 cm?. [17]

(cm®/s)(cP)

(cm?)(atm/cm)

1darcy = 1D =

Substituting, the value of 1cP as 1.0 X 10~7Ns/cm? and latm as 10.1325N/cm?

1D = 9.869 X 10~ %cm?
=9.869 x 107 13m?

Further, to avoid the use of fractions in describing permeability, the term millidarcy (mD) is
used.

1mD = 0.001D

3.1.3 Effective Permeability

Effective permeability is different than absolute permeability in a way that it is applicable when
more than one fluid is present in the porous medium. Effective permeability is the permeability
to water, oil, or gas (kw, Ko, Kg) Wwhen more than one phase is present. The effective permeability
of a phase is dependent on fluid saturation. Effective permeability is used to determine the
production (go or qw) or injection (iw) rates using Darcy’s Law. Effective permeability to oil
and water is important in waterflood analysis. [6]
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Effective Permeability is denoted as ke and the unit is the same as absolute permeability which
ismD or D

3.1.4 Relative Permeability

In a reservoir, there are two or sometimes three phases are present, that is oil, water, and
sometimes gas. Hence, due to interaction with other phases, one would expect the permeability
of either fluid to be lower than that of the single fluid since it occupies only part of the pore
space. This situation is addressed by the concept of relative permeability. [19]

The relative permeability to oil is given as See equation (3.9).

k, effectiveoil permeability

Ky =~ — (3.9)
k base permeability
Similarly, the relative permeability of water is given as. See equation (3.10).
K = Kew _ effective water perr.n(.eablllty (3.10)
k base permeability

When a porous medium saturated with more than one fluid phase is considered, for instance,
an oil-water system, the saturations may vary from, for example, 20% oil and 80% water to
80% oil and 20% water. Therefore, multiple values of relative permeability exist, with respect
to a given saturation value. And hence, relative permeability is plotted as k values at different
saturations for a given fluid phase, for example, as different kr, values at oil saturations of 40%,
50%, 60%, and so forth. [17]

3.1.4.1 Effect of Wettability on relative permeability.

Wettability affects the fluid distribution inside the reservoir rock and, thus, has a very
significant effect on relative permeability. Figure 3.4 compares data for water-wet and oil-wet
systems. [6]

32



L sasennnt
I

=
8 [ l
a | !
= |
& 60 1 71 ociwet [
.f; 3 / —_—
a o
E 1 Water Wet
a 40 L1 / —
%
A
£ \
y *' 4
14 3 ‘J'
m |' 3
Y
1 .
] / -J".‘ Py s

0 20 40 80 80 100
Water Saturation, percent

Figure 3.4: Effect of wettability on relative permeability data. [6]

a. In the water-wet system, the water saturation at which oil and water permeabilities are
equal (intersection of two curves) is usually greater than 50% while it is less than 50%
for the oil-wet system. [6]

b. For the water-wet system, the connate water saturation is usually greater than 20%.
While, for oil-wet systems, it usually is less than 15%. [6]

c. For water-wet systems, the relative permeability to water at maximum water saturation
(residual oil saturation) will be less than about 0.3 but for the oil-wet system, it will be
greater than 0.5. [6]

Most of the time the reservoirs can be at an intermediate wettability state and in such
cases, the above observations may not hold to be true. Nevertheless, Figure 3.4 gives
an indication of the wettability of a reservoir for moderate to low levels of permeability.
(100mD) [6]

3.1.5 Wettability

In a reservoir, wettability can be defined as the tendency of a fluid to preferentially adhere to,
or wet, the surface of a rock in the presence of other immiscible fluids. In the waterflooding
case, the wetting phases can be oil or water. In the case of water-wet rock, water occupies the
small pores and contacts the rock surface in the large pores while the oil is in the middle of the
large pores. On the other hand, an oil-wet system is partially different from the water-wet
system in a way that, the water usually continues to fill the very small pores but oil contacts
most of the rock surface in the large pores. The water in the middle of the large pores does not
contact the large pore throat surface and is usually present in small amounts. The reason oil
does not enter the small pores in the oil-wet system is due to capillary forces and hence, the
wettability of the small pores does not change. [6]
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Wettability is not a parameter that is used directly in the computation of waterflood
performance. However, wettability can have a significant impact on parameters such as relative
permeability, connate water saturation, capillary pressure, and residual oil saturation which
directly affect waterflood performance. [6]

3.1.6 Capillary Pressure

Reservoir rock typically contains oil, water, and gas which are at the immiscible phases. The
capillary forces are the forces that hold these fluids in equilibrium with each other. During
waterflooding, these forces and the frictional force may resist the flow of oil. Therefore, it is
the point of interest to understand the nature of these capillary forces. [20]

Capillary pressure is the pressure difference existing across the interface separating two
immiscible fluids. [20]

If the wettability of the system is known, then the capillary is defined as the difference between
the pressures in the non-wetting and wetting phases. See Equation (3.11) [20]

P.=P,—P, (3.11)
Hence, for the water wet system,
P.=R-P, (3.12)
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3.2 Models and Calculation

3.2.1 The horizontal well production mechanism

The flow related to oil production is pressure-driven. This means that flow goes from high
pressure (toe) to low pressure (heel). The higher the pressure drop from the reservoir to the
production well, the higher the flow rates from the reservoir to the well. However, the fluids in
the production will need to be transported to the surface. Thus, the higher the pressure drops
from the production pipe to the surface, the higher the flow rate to the surface. But, if the
production well pressure is too low, we may have high production from the reservoir, but not
sufficient pressure to lift and produce oil on the surface. Hence, the pressure in the production
well must satisfy these two requirements. The pressure in the production well must overcome
the hydrostatic pressure from the weight of the petroleum fluids in the pipes towards the
surface, as well as the pressure drop due to friction, and possible pressure variations due to
acceleration of the fluids. To counter these pressures, it is required to maintain the pressure at
the heel of the production pipe. This pressure will be controlled by manipulating a choke valve
at the surface which governs the rate of production from the well. Also, the bottom hole
pressure at the heel must be above a certain value, but not be too high, as this may block
efficient production by damaging the formation in the reservoir. Typically, the pressure drop
from the reservoir to the heel of the production pipe is in the order of 10-20 bar. [21]

When a well is producing oil from the reservoir, the bottom hole pressure (Pwf) can be found
by the Inflow Performance Relationship (IPR) equation (3.13), where P: is the reservoir
pressure, J is the productivity index and q, is the flowing rate at surface conditions, the equation

is expressed in Sl units. [22]
1
Pi =R =7 % (3.13)

The resistance of the fluid flow depends on the rate of the fluid flow and a productivity index
(J). The high fluid rate causes higher pressure to drop in the reservoir, further causing much
higher energy loss when the reservoir is produced at higher rates. Higher J will result in a lower
pressure drop and hence lower energy losses in the reservoir. [22]

The productivity index (J) depends on the fluid and reservoir properties such as viscosity,
permeability, formation volume factor, and geometry of the reservoir. The productivity index
is inversely proportional to viscosity and directly proportional to the permeability, hence an
increase in permeability of reservoir rock increases the fluid productivity and reduces the loss
in pressure, on the other hand, an increase in fluid viscosity reduces the productivity index and
increases the pressure losses and the vice versa. Since a high permeable zone provides lower
pressure loss, the reservoir zones with high permeability produce more fluid than the zone with
low permeability. [22]
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3.2.2 Modeling of Nozzle ICDs

The Figure 3.5: Flow-through nozzle ICD in well. Figure 3.5 shows the nozzle ICD completion
where the fluid path is shown by red arrows. The reservoir fluid flows into the well through the
annulus via sand screen and then through the nozzle ICD. As stated in the equation (3.14),
when the fluid flows through the small nozzle, the pressure drop is generated as a function of
fluid density, viscosity squared, and geometry of ICD. Also, in the case of nozzle ICD, this
pressure drop is almost not dependent on the fluid viscosity. The nozzle size and the pressure
drop for a specific fluid are set for the nozzle ICD before the installation. [23]
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Figure 3.5: Flow-through nozzle ICD in well. [23]

AP:C%pvz (3.14)
Where,
q
Vv=— 3.15
A (3.15)

Here, g is the volume flow rate of oil, gas, or water depending on the fluid being referred. AP
is the pressure drop. C is the geometrical constant, p is the density of fluid referred to, v and

is the velocity of the fluid through the nozzle.

Figure 3.6 shows the flow performance curves for oil with a density of 900 kg/m?, water with
a density of 1000 kg/m?, and gas with a density of kg/m® for nozzle ICD. Since the cross-
sectional area of the ICD is fixed and due to the density difference of the fluids flowing through
it, the flow rate for the gas is significantly higher and for oil and water, there is a slight
difference given the density difference is not very significant. [23]
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Figure 3.6: Performance curves for nozzle ICD for oil, water, and gas. [23]

3.2.2.1 Calculating the cross-sectional area of the nozzle ICD.

Using the volume flow rate and differential pressure for oil from Figure 3.6 in equation(3.14)
and equation(3.15) the value of cross-sectional area (A) can be found. Here the volume flow
rate at a differential pressure of 15 bar is used because the oil curve of ICD intersects the oil
curve of AICD at 15 bar (See Figure 3.8). This is necessary to directly compare the ICD with
AICD in the same case. The value of the geometrical constant (C) is 0.85.

Substituting all these values in the equation(3.14) and equation(3.15) the value of cross-
sectional area (A) for ICD is found to be 3.3653x10° m?. That is, the diameter of the opening
is 2.07 mm. The calculation is in Appendix B.

3.2.3 Modeling of AICDs

The Autonomous Inflow Control Device developed by Statoil is the Rate Control Production
(RCP) valve. This valve helps to delay the gas and water breakthrough and autonomously stops
the flow of low viscous fluids after there is a breakthrough of fluids. The RCP consists of a
movable disc that can change the flow area depending on fluid properties and flow conditions.
See Figure 3.7. This helps to keep the drawdown low by restricting the flow of a low viscous
fluid like water in our case while maintaining the oil production from other zones. [23]
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Figure 3.7: AICD flow path. [23]

Figure 3.8 shows the performance of the RCP compared to the performance of the nozzle ICD.
For both the devices the flow rate of the oil is equal. The flow rate for the gas and water is seen
to be less for the ICD compared to RCP because the flow area is varying in RCP. The flow rate
for the low viscous fluid gas flow rate is significantly lower than the ICD.
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Figure 3.8: Performance curve of ICD and RCP for oil, water, and gas. [23]

3.2.3.1 Mathematical modeling of the AICD.

The mathematical function in the equation(3.16) is used in the reservoir simulation. The
pressure drop across the AICD varies with the density and viscosity of the fluid flowing through
the device according to this equation. [11]

AP = (Luixy (Haatyy b5 o 0" (3.16)

cal /umix

Eclipse uses this equation as the equation(3.17).
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AP = (Pri) (FaLy) o e ()7 (3.17)

cal :umlx cal

Here, a,, X, Y IS the input strength parameters based on the size of the nozzle where x is the

volume flow rate exponent and y is the viscosity function exponent, q is the volumetric mixture
flow rate, and p, 1., are the calibration density and viscosity respectively. While, p,. and

U, are the flowing mixture density and viscosity at the downhole conditions. And are given
by the following equation (3.18) and equation (3.19).

_a b c
pmix - aoilpoil + agaspgas + awaterpwater (3 19)

d e f
/umix = aoilzuoil + agas:”gas + awater:uwater (320)

To keep the approach simple a,b,c,d,e,f are been kept 1.

Figure 3.9 shows the predicted and test results at Troll conditions. These experimental results
are obtained based on testing of the TR7 RCP valve performance for single-phase flow of oil.

AICD Performance Modelling versus Testing

45.0
‘Water (1.100 gfcc, 0.45¢cp)
40.0 1 @il (0.890 g/ee, 2.7 cp) *
- Gas (0.150 gfcc, 0.0200 cp)
|| AIcD Size:Smm
% 300 *
= — e
o
-]
25.0 e (| #
— 0%
200 B Test Water
15.0 ® TestOil
#* Test gas

0.0 0.1 0.2 03 0.4 05 0.6 o7 0E 09 1.0 1.1 1.2 13 14

Volume flow rate (m?fh)

Figure 3.9: AICD performance modeling versus testing. [11]
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The AICD, in this case, is modeled at the oil viscosity of 2.7cP, oil density of 890 kg/m3, water
with the viscosity of 0.45 cP and water density of 1100 kg/m?, as well as a gas with a viscosity
of 0.02 cP and a density of 1.5 kg/m? based on the testing of the TR7 RCP. [11] The graph in
Figure 3.9 model is very much in line with the graph in Figure 3.8. Thus, the fluid properties
mentioned in Figure 3.9 can be used for the Figure 3.8.

The data point of the graph from Figure 3.8 is extracted using web plot digitizer. And the screen
snip is given in Appendix C. Table 3.1 shows the values of pressure differential and the flow
rate obtained from the AICD curves for water and oil.

Table 3.1: Extracted results for AICD from Figure 3.8.

Experimental results for oil

q(I/h)
120.40
174.26
231.29
288.32
345.35
402.38
449.90
494.26
541.78
592.48
646.34
689.11
738.22
780.99
814.26
845.94
876.04
910.89
933.07
955.25

dP (bar)
0.45
1.45
2.45
3.57
4.80
6.69
8.93
11.16
13.84
16.51
19.19
21.65
24.44
27.11
29.23
31.46
33.70
36.37
38.27
39.94

q (I/h)
101.39
126.73
167.92
218.61
262.97
300.99
324.75
370.69
403.96
430.89
446.73
462.57
491.09
518.02
551.29
560.79
573.47
586.14
603.56
616.24

Experimental results for water

dP (bar)
0.45
1.12
2.23
3.57
5.02
6.69
8.03
10.93
13.39
15.84
17.74
19.64
22.76
25.89
29.90
31.46
33.03
35.26
38.05
40.00

To be able to use the AICD in the simulation case the values of a,,.y , X, Y, P » @nd g, must
be determined based on the data points in

Table 3.1. The values of the above coefficients are found by curve fitting and multi variable
non-linear regression using MATLAB. See Figure 3.10.
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Figure 3.10: Multi variable non-linear regression for AICD curve.

The values of these coefficients for AICD are given in Table 3.2.

The unit of a,., in Petrel must be in bars/((kg/m®)(m%/day)?)) but the unit of a,, is in

bars/((kg/m3)(m3h)?)) the above mentioned model, so you should divide those values by 242 =
576 to be in bars/((kg/m®)(m®/day)?)) as it is in Petrel.

Table 3.2: Coefficients of AICD.

AICD Coefficients

aAICD

y /%m

!%m

1.28x10*

0.1805

0.26885 1000
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3.2.4 Modeling of AICVs

The autonomous Inflow Control Valve (AICV) can close completely for unwanted fluids.
AICV can completely regulate itself and does not need to be regulated electronically. AICV
can distinguish between the fluids based on fluid properties such as density and viscosity. It is
designed to allow the flow of high viscous fluid such as oil and restrict the flow of low viscous
fluids such as water or gas. The disc that blocks the flow of fluid is controlled by a minor pilot
flow parallel to the main flow. Around 2% of the total flow rate is the minor flow. When the
valve is closed, this minor flow is the total flow of the valve. [23] The operation of AICV is
shown in Figure 3.11.

Figure 3.11: Open AICV (left) and Closed AICV (right) [23]

The figure shows the performance curves for oil, water, and gas of the AICV compared to the
nozzle ICD. For the same strength of the AICV and ICD, the performance of the oil in AICV
is almost in line with the ICD. When there is a breakthrough of the low viscous fluids such as
water and gas the AICV closes and allows the flow of these fluids through the pilot flow which
is a very minor flow. Hence, the flow rate of water and gas is considerably lower than in ICD.
The black arrow in the Figure 3.12 shows the flow of water and gas in AICV compared to the
ICD. This shows that the AICV technology is very improved than the ICD. [23]
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Figure 3.12: Performance curve of AICV and ICD for oil, water, and gas. [23]

3.2.4.1 Mathematical modeling of the AICV.

The AICV can be modeled using the same formulae as the AICD. Refer to the equation(3.16)
,(3.19) and (3.20). The AICD, in this case, is modeled at the oil viscosity of 2.7cP, oil density
of 890 kg/m3, water with a viscosity of 0.45 cP and water density of 1100 kg/m?, as well as a
gas with a viscosity of 0.02 cP and a density of 1.5 kg/m?® which are same as in case of AICD
modeling.

The data point of the graph from Figure 3.12 above is extracted using a web plot digitizer. Just
like in the AICD case. The

Table 3.1 shows the values of pressure differential and the flow rate obtained from the AICV
curves for water and oil.
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Table 3.3: Extracted results for AICV from Figure 3.12.

Experimental results for oil Experimental results for water
q (I/h) dP (bar) q (I/h) dP (bar)
107.63 0.45 3.21 0.68
163.86 1.47 9.64 2.61
234.54 2.83 14.46 4.31
295.58 3.97 20.88 6.23
356.63 5.55 27.31 8.73
404.82 7.14 33.73 10.76
459.44 9.29 43.37 13.60
502.81 11.10 49.80 15.98
546.18 13.26 57.83 18.36
587.95 15.30 62.65 20.17
631.33 17.56 65.86 21.98
661.85 19.49 70.68 23.80
706.83 22.21 73.90 26.06
751.81 25.27 78.71 28.16
803.21 28.67 83.53 30.93
833.73 30.82 88.35 33.20
873.90 33.88 91.57 35.18
906.02 36.60 96.39 36.94
926.91 38.30 99.60 38.53
947.79 39.89 101.20 39.89

To model the AICV, The values coefficients such as a,.,X, Y, P, and g, must be
determined based on the data points in

Table 3.1. The values of the above coefficients are found by curve fitting and multi variable
non-linear regression using MATLAB. See Figure 3.13.
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Figure 3.13: Multi variable non-linear regression for AICD curve.

The values of these coefficients for AICD are given in Table 3.4.

The unit of a,., in Petrel must be in bars/((kg/m3)(m?day)?) but the unit of a, is in
bars/((kg/m3)(m3h)?)) the above mentioned model, so you should divide those values by 242 =
576 to be in bars/((kg/m®)(m®/day)?)) as it is in Petrel.

Table 3.4: Coefficients of AICV.

AICV Coefficients
Apicy X y Peal Heal
9.9654x10™ 0.00051 2.3625 1000 1
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4 Reservoir Model

4.1 Geological Model

In this reservoir simulation case, the ‘Egg Model’ was developed in Petrel 2021. This Egg
model has a staggered line drive pattern as discussed in Chapter 2.1.1.2. The model is further
enlarged to create an ‘Enlarge Egg Model’ to form a more realistic case. Finally, to see the
effects of Advance Flow control devices a simplified model with one producer and one Injector
was created from the Egg Model.

4.1.1 Egg Model

The geological model used in this simulation case is the Egg Model. The ‘Egg Model’ is a
synthetic reservoir model consisting of small three-dimensional realizations of an oil reservoir
produced under water flooding conditions with eight water injectors and four oil producers.
This model has been used to demonstrate a variety of aspects related to water flooding
simulations. [24]

The model consists of a reservoir with discrete permeability fields modeled with 60x60x7 =
25,200 grid cells of which 18,553 cells are active. The non-active cells are all at the outside of
the model, which leaves an egg-shaped model of active cells. The expanse of the Egg Model
IS 480 m in the X and Y direction, while the height is 28 m with 7 layers.

The reservoir model is presented in Figure 4.1 [24]

BN 2RO )

<

A 5 INJECTS

e

Figure 4.1: Egg model of the reservoir showing 8 injectors and 4 producers. [24]
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The model is used for two-phase (oil-water) flow. The model has no aquifer and no gas cap,
primary production is almost negligible, and the production mechanism is water flooding with
the aid of eight injection wells and four production wells. [24]

The reservoir properties are used from the problem statement provided in Appendix D.

The reservoir model is homogeneous with Permeability in the x-direction equal to the
permeability in the y-direction. And permeability in the z-direction is 10 % of the permeability
in the X/Y direction.

Permx = Permy = 500 mD,
Permz = 0.1xPermx = 50 mD

Where Permx is the Permeability in the X direction, Permy is the permeability in the Y
direction, and Permz is the permeability in the Z direction.

A number of grids: 15 x 15 x 7. And the Image showing the properties of the model created in
petrel is shown in Appendix E

The dimensions of the grid block and the input parameters for the model are given in Figure
4.2.

Symbol Variable Value SI units
h Grid-block height 4 m
AX, Ay Grid-block length/width 8 m

¢ Porosity 0.2

Co Oil compressibility 1.0 x 1071° Pa~!
C Rock compressibility 0 Pa !
Cw Water compressibility 1.0 x 10710 Pa!
Ho Oil dynamic viscosity 5.0 x 1073 Pa s
Hw Water dynamic viscosity 1.0 x 1073 Pas
k?o End-point relative permeability, oil 0.8

kRN End-point relative permeability, water 0.75

no Corey exponent, oil 4.0

Ny Corey exponent, water 3.0

Sor Residual-oil saturation 0.1

Swe Connate-water saturation 0.2

Pc Capillary pressure 0.0 Pa
Pr Initial reservoir pressure (top layer) 40 % 10° Pa
Sw,0 Initial water saturation 0.1

Quwi Water injection rates, per well 79.5 m3/day
Pbh Production well bottom-hole pressures 39.5 x 10° Pa
Twell Well-bore radius 0.1 m

T Simulation time 3600 day

Figure 4.2: Input properties of the simulation case.

4.1.2 Simple model with one producer and one injector.

The Egg model discussed in the above section can be simplified based on the pattern observed
in Figure 4.3. The injector injects in the last three layers and the producer is in the first three
layers. The simple model has been created in petrel to implement ICDs, AICDs, and AICVs in
a single producer. Figure 4.4 shows the screenshot of the model created in Petrel.
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The dimension of each grid block is the same as the egg model with a length and width of 8 m
and a height of 4m. The dimensions of the whole reservoir block are 120 m in X and Y
directions with a height of 28 m with 7 layers.

v

Figure 4.3: Staggered line drive pattern of egg model.

4000 L 3 7 80 100 120

4005
]
4010 -/

Z-axi f
S 4015 7

Figure 4.4: Simple reservoir model.

4.1.3 Enlarged Egg Model

In this model, the width and the length of a single grid block are increased 5 times and the
height of the block is doubled. Hence, the total number of grid cells is the same as in Egg
Model, which is 25200 grid cells. Other properties of the reservoir are kept as in the case of the
Egg Model. Figure 4.5 shows the enlarged egg model of the reservoir with four vertical
producers and 8 vertical injectors.
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The expanse of the Enlarged Egg Model is 2400 m in the X and Y direction, while the height

is 56 m with 7 layers. The Figure shows the model description and the model.

@
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4.1.4 Fluid Contacts
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Figure 4.5: Model description and the model.
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The oil-water or gas-water contact is the lowest elevation at which mobile hydrocarbons are
obtained. The transition zone is the elevation range in which water is coproduced with oil. The
gas-oil contact is the elevation above which gas is produced. [25]
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Figure 4.6: Relationship of contacts in a pool (right) to reservoir capillary pressure and fluid production curves

(left). [25]
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4.1.4.1 Gas-oil contact

The gas-oil contact in this simulation case is set at -4000 m i.e at the datum of the reservoir.
This is because in the simulation case the gas phase is not encountered, and it is just oil and
water. Hence the gas-oil contact is kept at the topmost surface indicated by the green color as
shown in Figure 4.7.

4.1.4.2 Water-oil contact

The water-oil contact in this simulation case is set at -5000 m. This is because it is considered
that, initially the saturation of oil in the reservoir is very high and there is no significant water
present in the reservoir. The water contact at -5000 m can be seen in Figure 4.7 indicated by
the blue color.

| &3 Make contacts with ‘New model/EGG_MODEL ECL

|| Makecontacts | Make regions property | Hints Z-axis 4400
1) Createnew:  Contact se

/@ Edt evistng: | & Contact set <]
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o
& |
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B [ STl Cortaciiys: | Gas oil contact v| 46 g
<= Oil water contact
Ez 1l water conta Contact name: | Gas oil contact

N
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U [ Populate | =p
Cortact:[7] Sameforall zones [7] Same for all segments [] Use regions propetty
0 ontact set(1 Regio
@ All segments
: All zones [ | -4000.00
1=
i
]
®

AV O water cortacy T
Inial condtions
dt,  initial condition set 1 5

[ Results |3 Workflows

Figure 4.7: Gas-oil contact (Green) & water-oil contact(Blue).

4.2 Fluid Model

The fluid used in this simulation model is the dead oil and the water. There is no gas in the
reservoir. Hence it makes a two-phase flow simulation.

4.2.1 Reservoir conditions

The minimum pressure inside the reservoir is maintained at 395 bar based on the bottom hole
pressure of the production well while the maximum pressure is maintained at 405 bar based on
the bottom hole pressure of the injection well. The temperature inside the reservoir is 76.85°C.
The setting of the reservoir conditions in the Petrel Software is shown in Figure 4.8.
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Figure 4.8: Make a fluid model tab in the Petrel.

4.2.2 Oil

Oil Crude oil contains natural gases and volatile components. If all these gases and volatile
components have been stripped off the crude oil thanks to pressure and temperature after
reaching the surface during production, the remaining oil is referred to as dead oil. Furthermore,
oil in a dead state will be difficult to extract from a reservoir under regular reservoir conditions.
[26] The density of the oil is set to be 900 kg/m?.

Figure 4.9: Dead oil [26]
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4.2.3 Water

The density of water is 1000 kg/m?. The compressibility from the given conditions are 1x1071°
1/Pa. The viscosity of water is 1x107 Pa.s. Figure 4.11 shows the make fluid model tab for

water in Petrel.

4.2.4 Rock Physics
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4.2.4.1 Relative permeability

The relative permeability is set according to the input parameters given in Figure 4.2. The input
for relative permeability in the Petrel is shown in Figure 4.11. Also, the relative permeability
curve is shown in Figure 4.12.

Figure 4.10: Make a fluid model tab for water in the Petrel.
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Figure 4.11: Relative permeability values.
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Figure 4.12: Relative permeability curve obtained from data in Figure 4.11.
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4.3 Well Model

This sub-chapter discusses the vertical production and injection wells, their lengths, and the
position of the wells. Further, the vertical wells are converted into horizontal wells in the
enlarged egg model. These horizontal well in the simple case is then equipped with the
completions such as ICD, AICD, and AICV. Lastly, the development strategy for the injectors
and the producers is discussed.

4.3.1 Well, Design.

This section discus various design parameters of the vertical and horizontal wells in different
simulation cases.

4.3.1.1 Vertical wells of Egg Model.

The Egg Model is equipped with 8 vertical injectors and 4 vertical producers as discussed in
the Staggered line drive pattern. The position of the vertical wells can be seen in Figure 4.13.

Each well is 40 m in length vertically with the well head at -3988 m up to the base of the
reservoir at -4028m. The open hole diameter of the well is 8 inches which can be set in the
global completion tab.

The spreadsheet for the injector 1 is shown in Image 1 in Appendix F

@INJECTT

®INJECT8
GINJECTE

@INJECT4

©INJECT3 ®INJECTS

Figure 4.13: Pattern of injectors and producers in egg model.

4.3.1.2 Vertical wells of Enlarged Egg Model.

The vertical wells in the enlarged egg model are at the same location as in the case of the egg
model as seen in Figure 4.14. This is because the model is just the enlarged version of the
previous enlarged model. The only difference is that the measured depth MD is increased from
40 m to 80 m with well head at -3976 m and the bottom of the well at -4056 m at the bottom
surface of the reservoir.
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Figure 4.14: Top view of the enlarged egg model showing the wells

4.3.1.3 Horizontal producer wells of Enlarged Egg Model.

The vertical wells of the Enlarged Egg Model are converted into horizontal wells using the
good template tab in the Well Engineering section. The template used to plan the well is J well
plan and the good coordinates are as shown in Image 2 and Image 3 in Appendix F respectively.
The position of the well is such that the well is placed in the middle of the injectors so that the
oil is swept right towards the wells. Also, high and low permeability zones play an avital role
in horizontal wells. See Figure 5.13 which shows the horizontal wells on the left and the
permeability of the reservoir on right. This also avoids the early breakthrough of the water.
Different positions and directions of the well were tried before coming to the final will
positions. The length of all the wells is kept around 500 m to 600 m.

Also, the length of producer 1 (PROD 1) was kept at around 500 m and then later it was changed
to around 1000 m to observe the effect of length on well production. The detailed dimensions
and the positions of the producers are given in Image 4 Appendix F.
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Figure 4.15: Top view of the reservoir showing horizontal good directions (left) and high permeability zones
(Right).

4.3.1.4 Horizontal producer wells of Simple Model with single injector and producer.

The length of the vertical injector well in the simple model is 40 m which is the same as the
egg model. But the producer, in this case, is horizontal with a total length of 107 m and it lies
in the first three layers of the reservoir. The diameter of the open hole is kept at 8 inches.
Figure 4.16 shows the horizontal well created in simple cases.

Figure 4.16: Horizontal producer and vertical injector in a simple model.
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4.3.2 Well Completion

The well completions are implemented in the simple model with a single injector and producer.
It is done so using the Automated design tab in the Well engineering section in Petrel. Petrel
has several options to create the completions automatically which are Creating simple
completions, Creating ICD/FCV completions, Modifying completion attributes, and as shown
in Image 1 in Appendix G. All these functions are used to create the advanced well with
completion.

4.3.2.1 Creating the tubing and casing.

To create the casing and tubing the option called Creating simple completion is used in the
Advance design tool. The diameter of the casing is 7 inches for the open hole of 8 inches and
the diameter of the tubing is 5.5 inches which rest inside the casing. The outer diameter of the
casing is 7 inches while the outer diameter of the tubing is 5.5 inches. It is important that the
casing is partially submerged in the upper surface so that it can hold the tubing.

4.3.2.2 Implementing the ICD.

The ICD can be implemented using the Creating ICD/FCV option in the Automated design
tool just like for tubing. It is possible to set the compartment length and the desired number of
ICDs in one compartment. One compartment is formed by the distance between two packers.
See Image 1 in Appendix G.

The ICD in this case has a cross-sectional area of 3.3653x10® m? as calculated in section
3.2.2.1. In Petrel, the attribute for the cross-sectional area is the Channel x-sect area. And the
Geometrical constant is given by the flow coefficient. The attributes for all the ICDs
implemented can be changed by using the function called Modify equipment attribute in the
Automated design tool. Figure 4.17 shows all the attributes of the ICDs in this case.
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MName Value Unit
* Depth
Bottom from Well datum
Bottom MD 5.30 m
Bottom offset 5.30
Bottom S5TVD 4004.61
Top from Well datum \d
Top MD 0.30
Top offset 030
Top SSTVD 4000.31 m
» Device
Channel mughness 0.00060 n
Channel x-sect area 0.000003 m2
Fow coefficiant 085
Phiysical valves equivale 1
VFP table Unidef -
+ Diametars
Coupling outer dizmeter n
Drift: diameter n
Inner diameter 5.00000 in
Outer diameter 5.50000 n
* General
Category Devices
Completion length 5.00 m
End date | m
Bquipment 1D NICD-5.50/4x4.0 -
Name Nozzle ICD 1
Start date [07/01/2022 00:00:00 [
Type Nozzle ICD
L
Wed folder Wells
Wel name New Wel
* Materal
Inrer oughness 0.000600
Outer oughness 0.000600
* Tubular
Collapse resistance bar

Figure 4.17: ICD attributes.

4.3.2.3 Implementing the AICD and AICV.

The procedure to implement the AICD and AICV is exactly like that of ICD. The input
attributes calculated in section 3.2.3.1 Table 3.2 for AICD and section 3.2.4.1 Table 3.4 for
AICV are implemented using the function Modify equipment attribute in the Automated design
tool. The attributes of AICD and AICV are shown in Figure 4.18.
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Name Value Unit Name Value Unit
= Device * Device
AICD strength 0.000128 bar.d2/f AICD sirengih 0.00095654 bard2/fk
Critical water fraction 0.5 Crtical water fraction 0.5
Flow rate exponent 0.1805 Fow rate exponent 0.0051
Fluid density 1000 kg/m3 Auid density 1000 kg/m3
Fluid viscosity 1 P Auid viscosty 1 P
Gas flowing fraction den: 1 Gas flowing fraction den:| 1
Gas flowing fraction vise 1 Gas flowing fraction visc | 1
Max viscosiy ratio 5 Mo viscosity ratio 5
Ol flowing fraction densi 1 Oil flowing fraction densd 1
Qil flowing fraction visco: 1 Oil flowing fraction visco| 1
Physical vaives equivale 1 Physical valves equivale 1
Transtion region width  0.05 Transition region width | 0.05
VFP table Undef VFP table Undef -
Viscosity funclion expon 0.26835 Viscosty function expor| 2.36
Water flowing fraction de 1 Water flowing fraction de| 1
Water flowing fraction vii 1 Water flowing fraction vi:| 1
~ Diameters * Diameters
Coupling outer diameter in Coupling outer diameter
Drift diameter in Drift diameter
Inner diameter 5.00000 in Inner diameter 5.00000
Cuter diameter 5.50000 in Outter diameter 5.50000 n
w General * General
Completion length 5.00 m Category Devices
Equipmert ID AICD_EQ1 Completion length 5.00 m
Type Autonomaous ICD End date | |
» Matenal Equipment 1D AlCY -
Inner raughness 0.000600 in Name Autonomous ICD 2
Quter roughness 0.000600 in Start date |:|. 01,2022 00:00:00 gl |
= Tubular Type Autonomous ICD
Collapse resistance bar uwi
Grade Wed folder Wels
Joirt length m Wel name New Wel
Joint strenoth kN =  Material
Nominal weight ka/m Inner mughness 0.000600
Pressure resistance bar Outer mughness 0.000600

Figure 4.18: AICD attributes (Left) and AICV attributes (Right)

4.3.3 Development Strategy

Development strategies are used to tell the simulator how a field will be developed — that is,
which wells will produce or inject, what rates and pressures they will flow at, what operations
will be carried out on the wells over time, and so on. Development strategies make it easy to
keep track of how the control of a field evolves with time: for instance, the new wells can be
added to the field, wells are converted from producer to injector, and new platforms can be
created at the specified time are added.

59



Development strategies make it easy to apply the same constraint to many wells, using well
folders, or to apply different values of a particular constraint to individual wells. This gives so
much flexibility for setting a simulation case.

Petrel has a few preset development strategies readily available to use. One of them is the
prediction waterflooding strategy. The strategy used in all the cases of simulation is
waterflooding strategy. In this case, the reservoir production is controlled by the surface
injection rate and the bottom hole pressure of the producer. See Figure 4.19. The reservoir
production is controlled by the following two rules. All the parameters except for the injection
rate and simulation time are the same in all the cases.

;tE Development strategy x

Development strategy
I () Creste pew:
7 ® Edi existing: |-§N less_injection v|

Simulators
All v

. Strategy type
&= R E R J - | | Usepressts | | Validate active ule [ Repor, validation 7 Histoy () Prediction

2011-06-15 = ‘Well water injection control (INJ FOLDER)
FAT Wells folder

4 —j& PROD FOLDER ] -
s FraT] Wells @ FA7iN FOLDER

i < PROD2 Control mode Group control |
O PROD3 Surface rate sm3/d
O PRODS
4 A7 INJ FOLDER
= Qr INJECT1
O INJECTZ Tubing head pressure bar
: O INJECT3 Injection flow perf table
O INJECT4 BHP reference depth (SSTVD) mor
i~ INJECTS
L0 INJECTG
+- O INJECT?
L INJECTB
P& Groups folder
4 T8 Field
"B Group 1*
) Rules folder
B Comment (Hint: Drag preducers inte PRO..
El Reparting frequency
B Group rate production control (Field)
El Well rate production control (PROD FOLD
E| ‘Well pressure production control (PFROD F
B
2021-06-15

Parameter name Unit Parameter value

Reservoir rate rm3/d

4 41 4 4
s
(=]
wn

Bottom hole pressure bar

< >

Validation summary: 5 valid, 1 valid with wamings. 0 partialy invalid. 0 invalid and 0 unsupparted. inactive. unknawn or unplugged nules

v oK X Cancel

Figure 4.19: Development strategy for waterflooding in the Petrel software.

4.3.3.1 Well water Injection control.

The water injection rate for the Egg model and the simple case with a single producer and
injector is 79 m3/day as per the input parameters from Figure 4.2. The water injection rate for
the Enlarged Egg model is kept at 1650 m®/day since the simulation time is doubled and the
size of the model is also larger.
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Also, during the simulation run, there were some issues. And | was found that it is important
to set the bottom hole pressure if the injectors higher than the maximum reservoir pressure to
avoid the extrapolation of PVT values. Hence the Bottom hole pressure (BHP) of the injector
is set to be 425 bar in all the simulation cases.

4.3.3.2 Well oil production control
The oil production is controlled by the bottom hole pressure. The bottom hole pressure of the
production well is kept at 395 bar.

4.3.3.3 Simulation time.

The simulation time for the Egg Model and the simple model is 10 years starting from 15"
June 2011 to 15" June 2021. In the case of the Enlarged Egg Model, the simulation time is 20
years starting from 15" June 2011 to 15" June 2031.
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5 Simulation Result

This chapter displays the results of the different models created in Petrel 2021 software.
Starting with analyzing the results of the Egg Model developed in Petrel. Further the results of
the Enlarged Egg Model are presented which primarily shows the results for vertical and
horizontal wells and then also goes on to compare the oil production of Producer 1 at different
lengths. At last, the 3D results of the Enlarged Egg model are shown.

5.1 Analyzing Egg model in Petrel.

The results of all the four producers of the Egg Model created in Petrel are compared to the
results model with the results of the egg model developed in eclipse and MRST as presented
in the Geoscience Data Journal [24]. Figure 5.1 to Figure 5.4 shows the comparative result of
Petrel and Eclipse for all four producers. The green oil production is represented by the green
color and the water production is represented by the blue color. The result of the eclipse model
is shown by the solid line while the result of the Petrel model is shown by the dotted line.
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Figure 5.1: Oil and water production of producer 1.
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Figure 5.2: Oil and water production of producer 2.
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Figure 5.3: Oil and water production of producer 3
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Figure 5.4: Oil and water production of producer 4.

5.2 Vertical open hole production vs Horizontal open hole
production of reservoir.

After the Egg model is modified to the Enlarged Egg Model, the wells are vertical as described
in the subchapter54 4.3.1.2. Then the vertical wells are converted to the horizontal wells as
mentioned in subchapter 4.3.1.3. All the injectors are injecting water at the constant rate of
1650 m®/day. The results of oil production for vertical wells with the horizontal wells for all
four producers. Also, the production rate of the whole field with horizontal wells is compared
with the field of a vertical well. In all the graphs green color represent oil and the blue color
represents water. The horizontal well production is represented by sold line while the vertical
well production is represented by the dotted line.
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5.2.1 Producer1
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Figure 5.5: Horizontal vs Vertical well production of Producer 1.

5.2.2 Producer 2
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Figure 5.6: Horizontal vs Vertical well production of Producer 2.



Figure 5.7 shows the oil saturation result of the Enlarged Egg Model with vertical well w.r.t

time. The red circle describes the position of producer two on the field. And the location of

Injector 7 and injector 2 is shown.

Day 365

Day 730

Day 1095

Figure 5.7: Oil saturation w.r.t time of Enlarged Egg Model with vertical well
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Figure 5.8: Horizontal vs Vertical well production of Producer 3.

Figure 5.9 shows the oil saturation results of horizontal wells after 1 year.
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Figure 5.9: Oil saturation results of horizontal well case after 365 days.

5.2.4 Producer 4
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Figure 5.10: Horizontal vs Vertical well production of Producer 4.

5.2.5 Cumulative field production rate.
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Figure 5.11: Cumulative production rate of horizontal vs vertical wells.

5.3 Impact of horizontal well length on production.

The horizontal Producer 1 (PROD1) is tested at two different lengths. First at 533 m (533-
meter) and then at 1133 m (1133-meter). The green and blue color represent oil and water
respectively while the solid line represents 1133m well and the dotted line represents 533 m
long length.
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Figure 5.12: Oil and water production for PRODL1.

5.3.2 Water-oil ratio.

The water-oil ratio of the 533m long well (533-meter) is given by a dotted line and the
1133m long well (1133-meter) is given by a solid line.
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PROD1, Water-oil ratio
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Figure 5.13: Water-oil ration of PROD1 at varying length.
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5.4 3D simulation results of Oil Saturation.

Figure 5.14 shows the 3D oil saturation simulation result of the Enlarged Egg model with

horizontal producers. The simulation is run for 20 years, and the images are taken at the interval
of every four years.

Year 8
Year 20

Year 4
Year 16

Year 12

Figure 5.14: 3D simulation results at the interval of 4 years.
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6 Discussion

6.1 Egg Model

The grid and well data of the egg model developed in eclipse were imported in the Petrel and
were further developed by assigning the right porosity, permeability, contact sets, fluid models,
rock properties, and development strategies. The simulation result of this case developed in
petrel is then compared with the MSRT/eclipse results presented in the reference [24]. Figure
5.1, Figure 5.2, Figure 5.3, and Figure 5.4 shows the simulation result of Petrel (Dotted) vs
Eclipse (Solid). In both cases, the bottom hole pressure for the production well is set at 395 bar
and the rate of water injection at the surface is 79.5 m%/day. The oil and water production was
simulated for 10 years in both cases. It can be observed that the result of both the cases in all
the four plots follows a similar trend of oil and water production. The simulation result of Petrel
in all four producers is not exactly in line with the simulation result of Eclipse and MRST as
presented in the reference [24]. This is because Petrel is a highly advanced modeling software
and has a library of preset data for the fluid model. This can lead to some variation in the
simulation results. Since the trend of production for both oil and water is the same, the results
of Petrel are considered acceptable.

6.2 Oil production in vertical vs horizontal wells.

The Enlarged Egg Model was developed for vertical and horizontal wells to compare the oil
production in these two different scenarios. All the reservoir conditions were maintained
exactly similarly in both scenarios.

The plot for oil and water production of PRODL1 is given in Figure 5.5. It is clear from the plot
that the production of a horizontal well is significantly higher than a vertical well for both oil
and water production. The water breakthrough for the vertical PRODL1 is earlier compared to
the horizontal well. After observing the 3D simulations, it was observed that the water spreads
in the lower part of the reservoir first given its higher density, and then it moves towards the
upper layers pushing oil towards the top surface. And this explains the early breakthrough of
water in vertical wells as the horizontal wells are situated in the first three layers of the
reservoir.

Figure 5.6 shows the result for PROD2. Just as in the case of PROD1 the water breakthrough
is earlier in vertical PROD2 which is around day 350 compared to day 750 in the case of a
horizontal well. But the production of the vertical well is higher compared to the horizontal
well since the location of the well also plays a vital role. This can be seen in the case of PROD2.
Figure 4.15 shows the high permeability pattern in the reservoir which shows that the PROD2
sits exactly on top of this zone. Also, Figure 5.7 shows that the PROD2, INJECT2, and
INJECT?7 are in the same high permeability zone of the reservoir model. Due to this, the oil is
swept rapidly towards the PROD2. Also, in a high permeability zone, the pressure drop is low,
and this increases the production rate. In Figure 5.7 the PROD2 is marked with the red circle
and the first image on the left verifies the water breakthrough on day 365. In the case of a
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horizontal well, the production is comparatively low because the horizontal well lies in the low
permeability zone completely.

The production of PROD3 is plotted in Figure 5.8. The production of the horizontal well is
higher compared to the vertical well in PROD 3. But the water breakthrough, in this case, is
significantly higher. This can be explained in Figure 5.9 where the oil saturation plot shows
that the water reaches the horizontal well (water breakthrough) after 365 days.

The production of oil and water in the PROD4 is almost in line with the vertical as seen in the
plot of Figure 5.10. The rate of oil production in the horizontal well is almost like that of
PROD2 and PROD 3 which is around 2000 m®/day. In this case, since the vertical PROD4 lies
very close to the high permeability zone (See Figure 4.15), the production of the vertical well
gets higher reaching close to the production of a horizontal well.

The cumulative production rate of all the producers i.e., the rate of production of the field is
plotted in Error! Reference source not found.. The rate of oil production is seen as higher in
the case of the horizontal well compared to the vertical well. Also, the water breakthrough in
vertical wells happens earlier than in horizontal wells given the fact that water first spreads in
a lower layer of the field. Due to this, the rate of production of oil is higher in the first 2000
days and the rate of water production is lower. After this point, most of the oil is produced and
the production of water rises.

6.3 Effect of horizontal well length on reservoir production.

The increasing length of the horizontal well has a positive impact on the rate of oil production.
As shown by the plot in Figure 5.12. In this simulation case, the oil production is nearly 3200
mé/day for a 533m long well compared to 5500 m*/day for an 1133 m. The production of oil
increased by 70 %. This increase in production can also be validated from the figure Figure 2.8
in Chapter 2. The water breakthrough is early in longer well. 3D water saturation results show
that the water reaches the longer well first and this explains the early breakthrough of water.

The plot in Figure 5.13 shows the water-oil ratio. The water-oil ratio is zero until the water
breakthrough. For the longer well the water breakthrough is higher initially. This is because
there is an early water breakthrough in the longer well. Then the water-oil ratio of the shorter
well starts increasing. After 20 years, the water-oil ratio of the shorter well is higher than the
longer well. This shows that the longer well produced more oil and less water.

6.4 Observation from the 3D plots with respect to time.

Timely simulation results help to better understand the oil sweeping efficiency of the pattern
of injectors. This simulation results can be used to optimize the reservoir production by better
locating the wells. This way wells can be directed in a better direction at a better inclination.
Also, these timely simulation results help to locate the high permeability zones which shows
the flow of fluid flow. These simulation results were used in this thesis to set the direction of
horizontal wells such that the wells avoid the early water breakthrough in the Enlarged Egg
Model.
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7 Conclusion

This master’s thesis has been conducted to develop a simulation model for secondary oil
recovery and to achieve cost-effective and efficient oil recovery. The method used to achieve
this was by studying and creating horizontal wells. To achieve the main objective of the thesis
along with reservoir rock and fluid properties, different methods of water flooding were
studied. Also, as a part of the literature review, horizontal wells and their challenges were
examined in addition to the operation and working principles of the flow-controlled devices.

The challenging part however was learning a new reservoir modeling software. This was
challenging given the fact that Petrel was never used before and there was very little study
material available to study the software and create the reservoir model. Hence this was the most
extensive part of this thesis. Overcoming this challenge, the Egg Model was developed in the
Petrel and its results were compared with the other reservoir modeling software such as Eclipse
and MRST. It was concluded that the results of a model developed in Petrel are very similar to
the results from MRST and eclipse.

Through the comparative analysis of the vertical vs horizontal well, it can be concluded that it
is possible to delay the water breakthrough in the horizontal well by using the appropriate
pattern of producer wells. They also can increase the well's productivity since they help to
increase the surface area of the well. Once the vertical well establishes contact with high
permeability water channels they keep producing water and it becomes difficult to extract oil
from the low permeability zones. This problem can be overcome by horizontal wells by
implementing them in the low permeability zones which can help to improve the oil production
by achieving better drainage patterns.

The length of the horizontal well also can significantly increase the production rate of the well.
And this can help to achieve cost-effective oil production since it can reduce the number of
offshore platforms and equipment. This in turn has a positive impact since the carbon footprint
is also reduced.

The downside to the horizontal well is that it can have a heel-toe effect and the heterogeneity
effect which can lead to the early water breakthrough which in turn leads to a significant drop
in oil production. This phenomenon was also observed in the Enlarged Egg Model simulation
for a horizontal well.

Also, the visual dynamic results of the simulations helped to better develop the pattern for
producers and injectors and hence was useful to optimize the oil production. It was also easy
to compare the different scenarios side by side to better understand and develop the reservoir
model in Petrel.

Advanced flow control devices such as ICD, AICD, and AICV were also developed as a part
of this thesis. They were also implemented in the Petrel software. However, their functionality
was not analyzed given the time constraint. Literature review of the horizontal wells and the
flow control devices show that they should help reduce the early breakthrough of water and
enhance oil production. This can work as a base for future work.
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Task bac nd:

According to DNV's Emergy Transition Outlook 2021, oil and gas will remain the most
important source of energy for the foreseeable futwre and there is an urgent need to improve
oil and gas recovery with less carbon footpring to meet the future energy demands. Norway
has a great potential to supply petroleum to the global market, and the Morwegian Continental
Shelf (NCS) is one of the most technologically advanced petroleum regions in the world. To
secure the competitiveness of the NCS in the international market and to ensure that NCS is
at the forefront of adopting the latest technological innovations, 0G21 (Oil and gas for the
21zt century) has developed a national technology strategy for guiding research efforts in the
field of petrolewm technology. The main strategic objective of OG21 is to obtain efficient,
secure, and environmentally friendly value creation from the Morwegian oil and gas resources
for seweral generations.

In line with the 0G21 strategy, there is an ongoing research project called OigilWell |digital
wells for optimol production ond droinoge) at USH, funded by the Norwegian Research
Council, a5 well as Equinor. In addition, SINTEF, U3, ICL, and MIT are the main research
partners of this project. The project aims at developing new methods, algorithms, and tools
for the prediction of oil production under uncertain conditions in order to maximize the profit
margins by minimizing the production cost. As part of this project, it is of great interest to
model and evaluate the performance of adwanced wells with the goal of improving oil
rEeCovery.

A hydrocarbon reservoir can be considered as a rigid sponge that is confined inside an
insulating material and has all its pores filled with hydrocarbons, which may appear in the
form of a liquid oleic and a gaseous phase. Extraction of oil from a reservoir starts by drilling
a well into the oil zone. if the initial pressure inside the reservioir is sufficienthy 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 and/or water injection are used for maintaining pressure and producing
more oil from the reservoir. This production system is called secondary production, see Figure
2 for further details.

76



Appendices

il
G [
WL
& [HT
il (414}
l
Figure 1, Primary oil production Figure 2, Sacondary oil production

One of the main principles to achieve 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 heeltoe effect and
heterogeneity along the horizontal wells. To tackle this problem, adwvanced [smart or
intelligent) wells are widely applied today. Advanced wells are horizontal wells equipped with
downhzle Flow Control Devices (FCDs), sand screens, zonal isolation as well as monitoring and
control systems, etc. FCDs are the key elements of advanced wells. The main types of such
devices are passive Inflow Control Devices (ICDs), Autonomous Inflow Control Devices (AICDs),
Autonomous Inflow Control Walves (AICWs), and interval Control Valves (ICVs). In order to
achieve a successful design of advanced wells, a suitable dynamic model of oil field and
advanced wells must be developed. One of the main barriers for developing such dynamic
mdels is that generally, it is difficult to observe and understand the dynamics of fluid flow in
a porous medium. Besides, measuring all the parameters that influence the multiphase flow
behawior inside a reservoir is not possible. Consequently, predicting how a reservoir will
produce over time and respond to different drive and displacement mechanisms has a large
degree of uncertainty attached.

The main objective of this thesis is modeling and simulation of secondary oil recovery with
water flooding from a heterogeneous reservoir through advanced wells completed by main
types of FCDs. The simulation models can be developed either by free open source or
commercial software.

Task description:
The objectives of this research project can be achieved by completing the following tasks:
1. Literature study

# HReservoir rock and fluid properties
+ Improved oil recovery by water flooding
*  Advanced wells
2. Developing the simulation models
* MATLAE Reservoir Simulation Toolbox [MRST, developed by SINTEF) is a free
open-source software for reservoir modeling and simulation and it is a robust tool
for this purpose, but commercial reservoir simulators like OLGA in combination
with ROCX, and PETREL can also be used.
3. Ewaluating the performance of advanced wells in secondary oil recovery
* The performance of advanced wells completed by ICDs, AICDs, AICVs, and ICVs as
well as zonal isolations in a heterogeneous reservoir with water flooding should

be anakyzed.
4. If time permits, preparing & paper based on the results for the next SIMS conference is

highly appreciated.
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Student category: EET and FT students

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

Practical arrangements: Mecessary software will be provided by USH.
Supervision:
As 3 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 disoussed, etc).

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

Student (date and signature): Onkar Bhujange
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Appendix B
ICD modelling calculations

1
AP =CZ= pv?
2,0
Where,
y=4
A
Therefore,
q =C.A 2A_P
Yo
_ q
C 2AP
Yo

Ao 0.6/3600 m®/s

5
85\/2><15><10 Pa

890 Kg/m?
A=3.3653x10"° m?
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Appendix C
Web Plot Digitizer SS

Appendices

File Help
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Input Parameters

Appendices

Two-phase (oil-water) flow. The model has no aquifer and no gas cap, primary production is almost negligible, and
the production mechanism is water flooding with the aid of eight injection wells and four production wells.

Assume the injection wells are located in the last three vertical layers and the production wells are located in the

first three layers

Assume Hemogenous reservoir with Permx = Permy = 500 mD, Permz = 0.1 x Permx = 50 mD

Number of grids: 15x 15 x 7

Symbol Variable Value SI units
h Grid-block height 4 m
AX, Ay Grid-block length/width 8 m
) Porosity 0.2 -
o Oil compressibility 1.0 x 1071 Pa—!
c Rock compressibility 0 Pa~!
Cw Water compressibility 1.0 x 1071 Pa~!
o Oil dynamic viscosity 5.0 x 1073 Pa s
Lw Water dynamic viscosity 1.0 x 1073 Pa s
kY, End-point relative permeability, oil 0.8 -
kS, End-point relative permeability, water 0.75 -
No Corey exponent, oil 4.0 -
Ny Corey exponent, water 3.0 -
Sor Residual-oil saturation 0.1 -
Swe Connate-water saturation 0.2 -
Pc Capillary pressure 0.0 Pa
Pr Initial reservoir pressure (top layer) 40 x 10° Pa
Sw,0 Initial water saturation 0.1 -
Qui Water injection rates, per well 79.5 m?/day
Pbh Production well bottom-hole pressures 39.5 x 10° Pa
Fovett Well-hore radius 04 m
Simulation time 3600 day
y 3

Inject one pore volume of water

81




Appendices

- ) [S)
o

- Q Ajgeswuad aniejey

w’

Water saturation S

® Producer
() Injector
Quarter five-spot

[
l— 1

LA
! CALCARIAN
I

R )
K

Yk ey
AP m
p A AT

82



Appendices
Appendix E

Vertical Wells of Egg Model
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Well Modelling SS
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Well plan designer for 'PROD1_Plan 1 (PROD
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