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Summary:

In this fast-growing world, the demands for energy supply are growing rapidly as well. The oil has
become one of the basic needs of human beings in this era. Hence, to meet the supply of the growing
world, the available oil cannot be extraced with primitive methods. This can be achieved by increasing
the reservoir contact for which long horizontal wells can be used. Despite having many advantages of a
long horizontal well, there are still some drawbacks in this type of well which is early water coning and
water breakthrough. These issues can be fixed by using ICDs, which can balance the drawdown pressure
in horizontal well thus delaying the water breakthrough time. With sensitivity analysis on different input
parameters, not only these problems can be tackled but also can be distinguish which of the parameter
affect the most to production.

Norne oil field was discovered in 1992 in Norwegian sea and the production started from 1997. Since,
the main objective of this thesis is to analyze the oil production model, Norne oil field was chosen as
the real case. All the simulations were done considering the characteristics of well 6608/10-D-2H of
Norne oil field assuming the reservoir to be homogenous. OLGA in combination with Rocx is being
used for modelling and simulations.

The base case model of well 6608/10-D-2H was first completed using the simulation tool on which
differential analysis method for sensitivity analysis was implemented. The principle of this method is
changing the value of one parameter and keeping all other parameter constant. So, changing the values
of the parameters by + 20% from its original value, and keeping all other parameter constant,
simulations in OLGA were done for 200 days. The results shows that the most affected input parameter
in case of oil production was oil density, with a value of sensitivity coefficient 1.6097, which was
followed by initial water saturation, viscosity, absolute and relative permeability. Similarly, in case of
water produced, the most affected input parameter was found to be initial water saturation with a
sensitivity coefficient 4.515, followed by water density, viscosity, absolute and relative permeability.
Moreover, it was observed that rock compressibility had no effect in either oil or water production.

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

Symbols and expression

krocw

krvvro

Pb
Pc

Q. Q
Re

Rw
SOI’W

SWC

Width of near-well reservoir

Area

Area of Vena Contracta

Length of near-well reservoir

Rock Compressibility

Discharge coefficient

Babu and Odeh model parameter
Orifice diameter

Production tubing diameter

Mody friction factor

Thickness of near-well reservoir
Amott-Harvey wettability index
Productivity index

Permeability

Permeability in horizontal direction
Permeability in vertical direction
Effective Permeability

Relative Permeability

Relative permeability of oil at irreducible water saturation
Relative permeability of oil at residual oil saturation
Hydraulic Conductivity

Length

Bubble point pressure

Capillary pressure

Volumetric flow through the core plug
Reynold’s number

Solution gas oil ratio

Radius of wellbore

Residual oil saturation

Connate water saturation

m

bbl/psi/day
D

m/s

Pa
Pa

m3/s
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APs

Gas Saturation

Oil Saturation

Water Saturation
Temperature

velocity of fluid

Shale volume fraction
Sensitivity Coefficient
Porosity

Effective porosoty

Oil specific gravity
Gas specific gravity
Viscosity

Density of fluid
Frictional pressure drop
Pipe roughness

Angle of contact

Abbreviations

AICV
API
D
EOR
GOR
ICD
ICV
IOR
MD
NCS
NPD
PVT
PDO
TVD
WC

Autonomous Inflow Control Valve
American Petroleum Institute
Darcy

Enhanced Oil Recovery

Gas Oil Ratio

Inflow Control Device

Inflow Control Valve

Improved Oil Recovery
Measured Depth

Norwegian Continental Shelf
Norwegian Petroleum Directorate
Pressure Volume Temperature

Plan for Development and Operation

Total Vertical Depth
Water Cut
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1 Introduction

1 Introduction

In this chapter, the history of discovery of oil and its early production methods are described.
Similarly, need of oil in current world situation is also briefed along with the problem
description and objectives of the thesis.

1.1 Background of the study

The earliest discovery of the oil is said to have around 4000 years ago by Greeks, but it was
just a thick liquid found by the river that they used to build their walls and not as a fuel [1]. It
was not until 2000 years later the Chinese who discovered, extracted and used it as fuel [2].
The earliest oil wells were then later drilled by Chinese and even Japanese to evaporate the
brine and produce salt from it [3]. In the coming year, these oils were found and used by people
in middle east, in America and in Russia [1].

The industrialization of oil began when it was discovered in Pennsylvania and more modern
methods and research began to start on it since oil was more flexible than coals [1]. As shown
in Figure 1.1, shows the trend of world crude oil consumption.

100,000
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80,000
70,000
60,000
50,000
40,000
30,000
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10,000

0
A NoAD A A D N o g\ Nodh A Ao A N b
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m North America South and Central America Europe & Eurasia Middle East  w Africa  m Asia Pacific

Figure 1.1 : World Crude Oil Consumption [4]

Because the oil was much easier to produce, use and transport, the demand started increasing
highly throughout the world and so did the consumption. In the figure, the consumption seems
to rise by three times in Asia in the recent years compared to the initial years however North
Americans and Europeans have relatively constant use of oil throughout the period of time [4].

From here we can understand the growing demand of oil and to meet the growing needs
research and studies in this field must be done which is one of the major objectives of this
thesis. As per the demands given in Figure 1.2, Norway contributes about 2% of the oil demand
of world [5].
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1. USA

2. Saudi Arabia
3. Russia
4. Canada
5. Irag

6. UAE

7. China

8. Iran

9. Kuwait
10. Brazil
15. Norway

0 2 4 6 8 10 12 14 16 18
Million barrels per day

B OPEC members ™ non-OPEC

Figure 1.2: Norway and other largest oil producing countries [5]

Norwegian Continental Shelf (NCS) is a continent shelf over which Norway exercises
sovereign rights to produce oil and gas. The area of the shelf is four times the mainland and is
very rich in petroleum and gas and that is why it is the base of petroleum economy in Norway
[6]. The conventional methods of oil production are not so efficient and only 15% to 20% is
recovered, hence the Ministry of Petroleum and Energy has appointed OG21 board to improve
the oil recovery in a clean way. For instance, in Figure 1.3, the graph of oil production of
Gullfaks field by conventional and by Improved Oil Recovery (IOR) is shown and it can be
clear distinguished that the efficiency can be highly increased by the IOR methods [7].

~
Ambition: 70%
recovery
factor and

700, IQQ} 7‘9qy "9&) 7\90‘9 790, 7‘9% 7'9% 79\9) 79\% 9007 eooe eo% éoo) 9009 90’,

Figure 1.3: Enhanced Oil Recovery (EOR) data of Gullfaks Field [7]

Over the period Norway has successfully been able to improve the recovery process in a very
high extent. The chart in Figure 1.4 informs that production in Norway was highest in the year
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2005 and was almost 250 mil Sm? oil equivalent that is about five times of what was produced
around 1980s.
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Figure 1.4: Annual production of Norway from 1971 to 2021 [8]

1.2 Problem description

The most commonly occurring problems during the oil production are water coning towards
heel due to heel-toe effect and early water breakthrough where water starts to enter the well
that leads to heterogeneity in fluids throughout the well. These problems arises due to higher
frictional pressure drop in the well or higher permeability areas or even due to ruptures in
reservoir [9] [10].

The change in the technique from vertical oil drilling to horizontal oil drilling has impacted
highly in the production output despite its own disadvantages. The use of Inflow Control
Valves (ICVs) in the wells to control the flow from separate reservoirs or zones has increased
in past decades. These valves can reduce and delay the time of early water breakthrough hence
understanding the problem of water coning is necessary because it allows us to evenly
distribute the drawdown along the well [11].

In order to understand the problems, characteristics, behavior and design of the oil field that is
to be studied will be required where it is possible to analyze the multiphase flow behavior of
fluids through Inflow Control Devices (ICDs) from reservoir pores to wellbore and then to
production tubing. To achieve this, a complete investigation of reservoir properties, both rock
and fluid, is needed. After these are done, using a multiphase flow and dynamic modeling
simulator, an extensive model is made. By simulating this model, it can be found out which of
the properties are most sensitive input parameter affecting oil production.

Norne field is a field located in Norwegian Sea which was discovered in 1992 and the
production started in 1997. Since the field is very old, a lot of production has already been done
but there has been new field established in recent years where new innovative ideas have been
implemented which would give rise to more oil production in coming future [12]. Out of many
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oil wells, 6608/10-D-2H is being modelled and studied in this thesis for near well simulation
and oil production of Norne Field.

Similarly, a powerful software tool that is used in this thesis is OLGA in combination with
Rocx. OLGA is a dynamic multiphase fluid flow simulator whereas Rocx is reservoir simulator
that is plugged in with OLGA and together they prove to be very effective and accurate in
producing the results. By investigating the characteristics of 6608/10-D-2H well of Norne field,
it is very important that the model that is prepared must be as realistic as possible and for that
finding the values of various feed parameters required in OLGA/Rocx is a difficult task.
Moreover, the Norne field is an old field so gathering proper information and modelling the
well with available data is also challenging.

1.3 Objectives

Sensitivity Analysis of oil production to reservoir rock and fluid properties is the significant
objective of this thesis so in order to achieve the aim the following tasks must be done.

e Literature study of uncertainty quantification and sensitivity analysis.
e Detailed study of reservoir rock and fluid properties.

e Studying and understanding the oil production techniques in horizontal wells using
ICDs.

e Investigating characteristics and gathering the data and information of 6608/10-D-2H
well of Norne field.

e Calculating the values of the parameters required for Rocx a to prepare a mathematical
model describing the well 6608/10-D-2H.

e Estimation of valve orifice diameter and pressure drawdown values.
e Preparing a dynamic model of oil production from the well 6608/10-D-2H in OLGA.
e Near well simulation of oil production with ICDs for homogenous reservoir.

e Evaluating the effects of production of oil by changing the values of sensitive
parameters.

e Analyzing the results obtained from simulation to find out which parameter is most
sensitive to production output.

1.4 Thesis outline

The thesis consists of 8 chapters. The first chapter describes about the background of the study,
problem description and objectives of the thesis. Literature review on sensitivity analysis, its
method and enhanced oil recovery, horizontal well and ICD are given in chapter two. Likewise
in chapter three, the background on the reservoir rock and fluid properties are described. Fluid
and rock properties of well 6608/10-D-2H of Norne oil field is investigated in chapter four.
Similarly, methods and calculations required for the parameters are shown in chapter five. In
chapter six, development of model in OLGA and in Rocx are detailly written. The results and
discussion are described in chapter 7 and lastly in chapter eight is the conclusion and future
works.
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This chapter is focused on describing relevant techniques and methods that are being used in
the thesis along with the description of wells and its component.

2.1 Sensitivity analysis

It has been in the trend since old days that before putting some engineering equipment to work,
it must be designed and tested first. There are several methods and approaches to achieve that.
One of the methods is to develop a model using several logical steps and one of the steps is to
determine the parameters which influence the results the most. This is known as ‘Sensitivity
Analysis’ and it is not only important for validation of model but also guides to future research

[13].
Sensitivity Analysis is done because of number of reasons which includes [14]:

e For strengthening our knowledge base, which parameters needs additional research,
hence reducing the output uncertainty.

e Parameters that are not insignificant can be eliminated.
e Analyzing which input affects the most to output variability.

e The most highly correlated output parameters can be known.

2.2 Methods of sensitivity analysis

Usually to perform a sensitivity analysis, a model must be well defined along with its dependent
and independent variables and a probability density function must be assigned to the input
parameters. Models are sensitive to input parameters in two different ways: the variability
linked to input sensitive parameter which is propagated through the model that results in large
contribution to overall output variability and model results can highly be correlated to input
parameters that small change in input value result can have significant change in output value
[13] [15].

There are two types of analysis that are being done to the parameters, namely important analysis
also unknow as the uncertainty analysis and the other one is sensitive analysis the major
distinction between these parameters is that an important parameter is always sensitive because
parameter variability will not appear in the output if the model is sensitive to input whereas
sensitive may not be important because it may be known accurately thus could have a little
variability to add to the output [16]. The one that is applied in this thesis is the later one because
it is not know which parameter affects the result the most and it is also the major objective of
the thesis.

Depending upon the complexity of the model and the type of parameters being used there are
many methods of sensitivity analysis. These different methods are differential analysis, one-
at-a-time sensitivity measures, factorial design, sensitivity index, importance factors,
subjective sensitive analysis and many more [16]. All of these methods are unique and can be
used for the models that are suitable according to the type of results that needs to be obtained.
In this thesis, differential analysis method is applied which is the simplest and the generalized
method of the analysis. Because of its simplicity and generalization, this method is also
considered to the backbone of all other analysis techniques [13].
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2.2.1 Differential sensitivity analysis

Differential analysis also sometimes known as the direct method, is a technique structured on
the basis of the model with a set of specific parameter values. Assuming this case as a base
case scenario, where all other parameters are held constant, they are set to their mean value. A
sensitivity coefficient is termed to the value that describes the parameter’s change. Basically,
sensitivity coefficient is the ratio of change in output to change in input by keeping all other
parameters constant [17].

The differential analysis of parameter sensitivity is based on partial differentiation of the model
in comprehensive from. A Taylor series approximation is used for dependent variable, y, as a
function of independent variable X so the variance of Y is calculated as given in Equation 2.1
[13]:

V0 = 2 (50) Ve 21

Here in Equation 2.1, Y is used to measure the uncertainity in model prediction whereas Xi,
being first order partial derivative of Y with respect to X; is used to measure the model
sensitivity in X; . Using this method is computationally efficient but it is a linearized theory
and is valid for only small parameter uncertainities [18]. The sensitivity analysis is easier to
perform when an explicit algebraic equation describes the relation between dependent and
independent variables. The assumptions made for this equation are the higher order partials are
neglected and there is no correlation between the input parameters [19]. So, neglecting non-
linearities, the partial derivatives for large sets of equations can be approximated as a finite
difference and output values for small change in input parameters that is simplified to the given
Equation 2.2 [13]:

%AY
%AX;

o, = 2.2

where ¢; is sensitivity coefficient which is dimensionless quantity.

2.3 Horizontal wells

To extract oil from under the earth, a well with proper casing must first be dug, then it must
meet the point where the wellbore comes into contact with oil. Since the contact surface is one
of the key factors for the production, it is logical that higher the contact surface with oil, higher
is the production. There are basically two ways to create this contact surface, by creating either
vertical wells or horizontal wells. As shown in Figure 2.1, vertical wells have less contact with
the oil as compared to horizontal wells. The horizontal wells differ from vertical wells by an
angle of inclination greater than 80° [20]. Vertically drilled wells can only access oil that is
directly surrounding the well's end however horizontal wells can access the oil that surrounds
the entire horizontally drilled segment. Additionally, they intersect several fractures which
helps them drain more effectively. Hence, the oil production rate is approximately two to five
times higher than unstimulated vertical wells due to the large contact surface area in horizontal
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wells [21]. Even though the drilling process and the initial capital cost of horizontal wells are
very high, there are many benefits that surpasses the disadvantages of using these wells.

A/\ B/%

Figure 2.1: Vertical Well (A) and Horizontal Well (B) [21]

2.3.1 Benefits of horizontal wells [22] [23]

e Horizontal wells can be constructed where there are subsurface obstructions such as
infrastructure and homes, railroad lines and so on. Directional drilling allows wells to
be drilled in places that vertical drill rigs are unable to reach.

e Due to the larger contact area fewer wells are required, resulting in fewer pumps, less
piping and lower operation and maintenance costs.

e Reduced water and gas coning as a result of reduced reservoir drawdown for a given
production rate, minimizing potential remedial activity.

e Increased production rate as a result of the longer wellbore exposed to the reservoir.

e Reduced pressure drop and lower fluid velocities around the wellbore that leads to
lower sand production.

2.3.2 Types of horizontal wells

Buildup rate in horizontal well is the positive change in the inclination over a normalized length
and based on it horizontal wells are characterized into three different types namely, short
radius, medium radius, long radius which is shown in Figure 2.2. As previously shown in
Figure 2.1 in horizontal wells, the kickoff point is the depth in vertical hole at which the
deviation for the horizontal drilling starts and depending on the requirement of the oil field
different types of horizontal wells are installed [9].
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As described in Figure 2.2, short radius has a range of 20 to 40 feet of build up section that is
almost 1.5° to 3° per feet and a horizontal section of less than 1000 feet, usually 800 feet radius.
On the other hand, a medium radius consists of range 140 to 700 feet which is around 8° to

A

Long Radius (~1,000-3,000 ft) {~2-6 deg/100 ft}

Medium Radius (140~700 ft) {~8-40 deg/100 ft}

Short Radius (~20-40 ft)
{~1.5-3 deg/ft}

N

<1,000 ft ~5,000 ft ~8,000 ft

Figure 2.2: Types of horizontal wells [24]

40° per 100 feet of buildup section and a radius length of approximately 5000 feet. And lastly,
long radius has horizontal section radius of around 8000 feet and buildup section 1000 to 3000
feet (2°- 6°/100 feet) [25].

2.3.3 Gas and water coning

Water and/or gas coning is a major issue in many reservoirs of wells producing from an oil
zone under a gas cap, over an aquifer or both. Coning happens in an oil producing well as the
water or gas zone rises up into the wellbore in the shape of a cone as shown in Figure 2.3 [26].

LA
I

e

Figure 2.3: Gas and water coning in horizontal well [9]

Water or gas enters the well and water from the aquifer and gas from the gas cap are released
alongside the crude oil. Water or gas production increases gradually after the breakthrough
period and may dramatically decrease crude oil production [26].
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Three primary factors influence the fluid flow distribution around the well: capillary forces,
gravitational forces, and viscous forces and the distribution of fluid movement across the well
is determined by the equilibrium of these forces. Pressure gradients generated by the well's
production will appear to lower the gas-oil contact and raise the water-oil contact in the
immediate vicinity of the well. The ability of gas to stay above the oil zone due to its lower
density and of water to remain below the oil zone due to its higher density counterbalances
these flow gradients. Eventually, this water-oil and gas-oil contacts therefore appear to bend
into a cone like shape as shown in Figure 2.3 which is due to the result of counterbalancing
these forces [9] [27].

2.3.4 Heel-toe effect

The heel-toe effect is defined by the difference in specific inflow/outflow rates between
different sections of the wellbore, which is especially noticeable when comparing the shoe
segment (the heel) and the near target depth section (the toe) as shown in Figure 2.4 [28].
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Figure 2.4: Heel — toe effect [29]

This effect occurs as a result of the frictional pressure decrease along the wellbore, which
becomes increasingly important as its value exceeds the threshold drawdown pressure. The
heel-toe phenomenon is most noticeable in high permeability reservoirs that produce at high
fluid rates, resulting in increase in frictional coefficient along the wellbore. Therefore, the
higher value of pressure drawdown towards the heel of the reservoir will absorb the water faster
compared to the toe [28].

2.3.5 Heterogeneity along the well [9] [30]

The reservoir heterogeneity is the effect in reservoir where water enters the well in spatial
locations due to variability in permeability of rocks along the well. Figure 2.5 represents the
heterogeneity of reservoir. According to Darcy Law, the fluid flow resistance is lower in high
permeability zones therefore, the inflow is higher in that zone compared to other.
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Figure 2.5: Heterogeneity in reservoir

2.4 Inflow control technology

As discussed in subchapters 2.3.4 and 2.3.5, heel toe effect and heterogeneity in reservoir are
very common and major issue occurring in horizontal well. Because of these problems the
production efficiency decreases with decrease in the quality of oil produced and sometimes
even the oil site is shut down. Hence, to remedy this problem Inflow Control Devices (ICD)
were introduced. These devices are installed along the well to even out the pressure drop where
required hence eliminating the chances of heel toe effect as well as heterogeneity in well. In
the Figure 2.6, the graph has been shown where there is comparison of flow rates of oil and
water in the reservoir and a clear distinction can be seen in the graph in the flow rates with
using ICD and without using ICD.
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Figure 2.6: Oil and water production rates with and without ICD [31]

Inflow control devices were introduced in the early 1990s to control the wellbore inflow profile.
The basic operation of various ICDs is to restrict inflow by creating an additional pressure
drop. As a result, the distribution of wellbore pressure will be adjusted, resulting in an evenly
distributed inflow profile along the horizontal well [32]. ICD is a flow restrictor device with
no moving parts. ICDs are used to choke the flow by introducing extra pressure drop, thereby
balancing the flow influx along a horizontal well. ICDs has been developed by four main

10
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companies including Baker Hughes, Halliburton, Schlumberger, and Weatherford and they can
be classified into three different types as channel type, nozzle type and orifice type [9].

2.4.1 Channel type ICD

The ICD channel type shown in the schematic Figure 2.7 uses surface friction to generate the
desired pressure drop in the well. The fluid enters the wellbore through the channels after
passing through a multi-layered screen into the annulus. The fluid is forced to switch directions
several times, resulting in a pressure drop across it. Because of the low fluid velocity, the
chances of erosion and plugging are low [10].

e

Figure 2.7: Channel type ICD [33]

Since these types of ICD are viscosity dependent, these are unable to maintain the uniform flow
along the profile when water breakthrough occurs in which viscosity of oil and water are
significantly different [32].

2.4.2 Nozzle/Orifice type ICD

The required pressure drop is achieved in orifice/nozzle type ICDs by forcing the fluid to pass
directly through a restriction. These types of ICD are dependent on the density and velocity of
the fluid and not on the viscosity of the fluid therefore the required pressure drop can be
achieved by forcing the fluid to go through the restrictions [34].

FloReg Flow Path

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

Into FloReg ICD orifices T ld s
i

4

Figure 2.8: Orifice type ICD [33]

As shown in Figure 2.8 and Figure 2.9, the diagrams of orifice type ICD and nozzle type ICD,
the point of entry is highly reduced to restrict the flow of fluid and because of this reason, these
types of ICD are prone to sand erosion but not for plugging. Hence these ICDs are applicable
where fluids are least sensitive to viscosity [32] [34].

11
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Figure 2.9: Nozzle type ICD [35]

According to [34], when the pressure drop across the pipe line is greater than the pressure
difference between the well and the reservoir, only then ICD can be effective. ICD works for
heterogeneity case efficiently only when permeability distributions and other important
behaviors in a well is properly understood in a long period of time. Hence, these devices cannot
be said to be universal solution of water breakthrough. As earlier discussed in sub chapter 2.4
that ICD are installed with no moving parts, its location and relationship between pressure drop
and flow rate cannot be changed. But with a little modification in some part a new type of
device can be installed called Inflow Control Valve (ICV) which contains sliding-sleeves along
the pipeline. By controlling the downhole monitoring system, ICVs can be operated from the
surface. Therefore, they are also known as active controllers whereas ICD are known as passive
controllers [32].

Even though ICV has more flexibility and better recovery rates than ICD, they are very
expensive, more complicated design and less reliable because if their moving parts. Hence,
with the latest inflow control technique, autonomous parts are installed which can be controlled
for low viscous fluid in comparison with oil. These devices are called Autonomous Inflow
Control Devices (AICVs) [32].

2.5 Modelling tool

For this thesis, all modelling and simulation work were done in an advanced tool OLGA +
Rocx. There are many other tools that are freely as well as commercially available in markets
such as OLGA+Rocx/ECLIPSE or LedaFlow+ECLIPSE or some special application tool such
as NETool that are used for designing and modelling for advanced well completion, but
because of the simple and effictiveness of OLGA+Rocx is used.

The combination of OLGA and Rocx results in one of the most advanced and dependable tools
for modeling and simulation of multiphase flow behavior from the reservoir pore to the
production pipe and process facilities. OLGA is a dynamic multiphase flow simulator and Rocx
is a reservoir simulator that can be coupled to OLGA as a plug-in. The coupling is done via an
implicit scheme based on same PVT file. The wellbore pressure information is calculated and
sent to Rocx by the OLGA for the simulation of multiphase flow near the wellbore in three

12
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dimensions then flow rate for each phase of the reservoir fluids is calculated and returned to
OLGA by Rocx [9].

The combination OLGA and Rocx has been used for various studies for many years and have
proven to be dynamic for many types of studies. For example, studies for comparision of ICD
and AICV has been done in [9] whereas in [32], same tool is being used to evaluate the
performance of AICV in different reservoir. Similarly, the use of AICV in homogenous
reservoir is less significant compared to ICD was also done in [10].

13
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3 Theoretical background

In order to use the modelling tool effectively, it is very important to understand the parameters
that are being used. Governing laws, properties of parameters and their behavior when changed
are the backbone of the study with which it is possible to evaluate our objectives. All these
contents are described in this chapter.

3.1 Reservoir rock properties

At first, the description of various rock properties is discussed. The reservoir rocks are
composed of rocks that vary from loose sand to very hard rock. The knowledge of the physical
properties of rock are very important in order to evaluate the performance of that reservoir. The
effects of changes of these properties are done in lab and may range from negligible to
substantial [36].

3.1.1 Porosity

Even though the stones and rocks in the reservoir are very hard and looks solid to naked eyes,
there are existence of tiny openings in those rocks if observed in microscopic level. These tiny
opening are referred to as pores or void spaces. These pores in the rocks have tendency to store
reservoir fluids inside them and this property of the rock is said to be porosity. The more porous
a rock is, greater the amount of open space is inside the rock and higher is the storage capacity
of the fluids in them [37]. In Figure 3.1 is the schematic diagram of porous rock where the
pores or open spaces are seen in the rock.

/Open pore channel

W?? Closed pores
y P

N

Dead end pores

Figure 3.1: Schematic of pore types

Mathematically, the porosity can be defined as the ratio of pore volume or total or bulk volume
of the rock. It has no units since it is division of volume, but it is expressed in fraction or in
percentage and is denoted by the symbol ¢ and Equation 3.1 represents the porosity as [27]:

(1):

As it is seen in Figure 3.1, despite of many pores in between the rocks there are many types
which are closed pores and dead-end pores. These pores could store fluid in them, but they
cannot mobilize those fluids. This is because of the reason that these rocks formation over a

total pore volume

3.1

total or bulk volume
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long period of time gets isolated from other spaces due to high cementation due to which it is
not possible to recover fluids through them. Hence, while putting it correctly mathematically,
it is not efficient if we consider all the pores and therefore only those pores must be considered
which can flow fluid through them. This parameter is called effective porosity ¢, and is defined
in Equation 3.2 [27]:

_ interconnected pore volume

e = 3.2

€ total or bulk volume

3.1.2 Fluid saturation

As discussed in subchapter 3.1 in porosity that it is the capacity to store fluid but in those
reservoir rocks there are more than one fluid stored. So, to calculate the quantity of each fluid
present in the rock, fluid saturation is needed. The amount of hydrocarbons and water that can
be mobilized from the rock are quantified using this parameter. Hence saturation is defined as
the fraction or percent of effective pore volume occupied by a particular fluid. Mathematically,
fluid saturation can be defined as the ratio of total volume of fluid to effective pore volume
[38].

total volume of fluid

Fluid saturation = ; 3.3
effective pore volume

Since there are three reservoir fluids which are oil, water and gas the saturations can be defined
for each of them accordingly as:

volume of water

3.4

w = -
effective pore volume

volume of oil
So = 3.5

" effective pore volume

volume of gas

3.6

9= effective pore volume
By definition, each type of saturation ranges from zero to 100% and the sums of all the

saturations must be 100%. So,
Sw + So + Sg = 100% 3.7

3.1.3 Rock compressibility

The concept of rock compressibility is same as that of squeezing a sponge. In reservoir rocks,
there are porous rocks that are subjected to overburden pressure that decreases the pore volume.
In Figure 3.2, a schematic figure is shown where firstly the rock which is in grey color is shown
has large space between them so higher porosity is there which indicated high fluid storage.
But due to the stresses from overlying rocks from outside and stresses due to internal fluids
from inside, the depletion of fluid occurs, and the result is compaction of rock structure.
Therefore, rock compressibility is the fractional change in effective pore volume per unit bulk
volume per unit change in pressure [38] [39].
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Figure 3.2: Conceptualization of rock compressibility [39]

Rock compressibility has a unit of psit, denoted by ¢ and are given as in Equation 3.8:

c=-=(%) 3.8
V\op/r

where ¢ = rock compressibility
V =effective pore volume

av . .
($) = change in volume over change in pressure

the subscript T denotes that the compressibility is measured in reservoir assuming the
temperature to be constant [38].

3.1.4 Absolute permeability

Permeability is a measure of ease with which fluid flows in porous medium. In the reservoir
rock the permeability is a factor of paramount importance because with the properties that
earlier discussed, none of them are able measure the directional mobilization of fluid. The
directional movement and flow rate of fluids are necessary factors in studying about any
reservoir. The permeability values are different for single fluid and for multi fluids. So, the
permeability of rock measured when it is completely saturated with single phase fluid is often
referred to as single phase permeability or absolute permeability. It is denoted by k and the unit
of absolute permeability is Darcy (D).

3.1.4.1 Darcy’s law

The measurement of absolute permeability of the rock is governed by Darcy’s law which was
first introduced by Henry Darcy. He performed an experiment on cylindrical sand filtrate as
shown in Figure 3.3 and from that experiment Equation 3.9 was introduced [38].
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Figure 3.3: Representation of Darcy’s law [40]

With this experiment setup, if Q is the volumetric flow through the core plug (m?/s), K is the
hydraulic conductivity (m/s), A is the area of cross section of the cylindrical core plug (m?) and
dP is the pressure difference across the core (Pa) and dL is the length of the core plug (m), then
Darcy introduced a formula as such [38]:

dp
Q=—-KAS 3.9

Darcy conducted this experiment that was valid for only water but it was only later when it was
established that this law can be generalized by changing the parameter K to k/ﬂ where K is the

absolute permeability (D or mD) whereas u is the viscosity of the fluid (N-s / m?). So the
formula changes to [9]:

— _k/ 49
Q=-"/uAd 3.10

Equation 3.10 represents the Darcy’s Law but for linear flow only however for a reservoir,
radial flow represents more accurately. Figure 3.4 shows the schematic presentation of Darcy
law for radial flow of fluid in reservoir.
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Figure 3.4: Schematics of radial flow of fluid from outer boundary to wellbore region (left) and

the zoomed section of the part of the reservoir (right)

There are two change done in this case where firstly the area perpendicular to the flow is
circumference multiplied to the thickness that results to A = 2nrh and secondly, the flow will

. . . dp . dp
vary in r-coordinate rather than x-coordinate so I will change to - [38].
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—ky 49°
Q="/uA— 3.11

One important notable thing here is that the actual Sl unit of permeability is m? but practically
the unit is too large for the measurement therefore a suitable unit Darcy (D) and millidarcy
(mD) were introduced. When a single-phase fluid with a viscosity of one centipoise (cP)
completely saturates a 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?, it is said
to have a permeability of one Darcy [9].

(1cm3/s)(1cP)

— -13 2
(1cm?)(1latm/cm) 9.869x107m

1 Darcy = 1000mD =

3.1.4.2 Permeability anisotropy

In most of the cases, generally the permeability in z-direction is close to that of the permeability
in y-direction. This gives rise to different permeabilities in different direction because the
formation of reservoir rocks are sedimentary process so, the permeability parallel to these rocks
will be higher compared to the permeability perpendicular to the rocks. This property is known
as the permeability anisotropy which is defined as the ratio of vertical permeability (kv) to
horizontal permeability (kn). Figure 3.5 shows the mechanism of permeability anisotropy
which is elliptical in shape because of directional dependency of horizontal and vertical
permeabilities [9].

Figure 3.5: Drainage pattern formed around horizontal well [9]

In order to determine the value of permeability anisotropy, it is necessary to know the values
of permeabilities in all three directions (kx ,ky ,kz ). These can be calculated as [41] [42] [9]:

ki = /KK, 3.12
k =3[k k,k, 3.13
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To find out the value of permeability in z-direction (k; or ky) many correlations can be found
for different types of reservoir, one of which was proposed by [43] shown in Equation 3.14
which has a correlation coefficient 0.953. If Vs is the shale volume in reservoir then:

2.0901

k, =k, = 0.0718 x \/[@] 3.14

3.1.5 Relative permeability

It is discussed in sub chapter 3.4 in absolute permeability that it is the measure of completely
saturated fluid in the reservoir rock with single phase fluid. But practically, it is very rare to
find such case and most of the time there are multi fluids involved. In such cases absolute
permeability is not the correct approach. The pores in the reservoir rocks shares different types
of fluid with different fluid saturation and effective permeability (k) is the parameter that can
help determine these permeabilities in different fluids in the same rock. Darcy law is still valid
in this type of permeability, but it needs dome extension. Effective permeability depends upon
fluid saturation, geometry of porous medium and wettability. But with using the fluid saturation
property, another term can be coined known as relative permeability (k;) that is more
convenient to evaluate the multiphase flow of reservoir fluid in the rocks. Relative permeability
of each phase of fluid at specific saturation is defined as the ratio of effective permeability of
the phase to absolute permeability, when two or more fluids flow at the same time. It is denoted
by kr and is expressed in fraction or in percentage [40] [27]. Mathematically,

ke = e 3.15
k

In a rock if all the three types of fluids are present at a partial saturations So, Sq, Sw we can
measure effective permeability (Keo ,Keg ,Kew) and relative permeability (kro ,Krg ,krw) can be
measured and the sum of these permeabilities are always less than their absolute values [40].

When a graph is plotted for relative permeability and fluid saturation, figure 3.6 can be
expected which is a typical trend followed by relative permeability for oil we and water wet
rocks. In Figure 3.6, the parameter in graph refers to:

Swe = connate water saturation — water saturation lower than this is immobile
Sorw  =residual oil saturation after water flooding — oil saturation lower that this is immobile

Kroew = maximum relative permeability of oil at critical water saturation — oil becomes
mobile

krwro = maximum relative permeability of water at critical oil saturation — water becomes
mobile

So, by knowing the meaning of these parameters figure 3.6 becomes easy to understand where
between Swc and (1- Sorw) is the region only from which the oil can be recovered [27].
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Figure 3.6: Oil wet rock permeability (left) and water wet rock permeability (right) [9]

In the numerical simulators, the equation of relative permeability is required which should
define the model accurately. The most common model used is the Generalized Corey model
that can estimate relative permeability of two-phase systems and is given by:

1-5,,-5, Mow
k. =k [#] 3.16
To roew (1 s S
i = Ky [ ]nw 3.17
rw = frwro |77 e .

where now and ny are the Corey exponents [9].

3.1.6 Wettability

In a system of two or more immiscible fluids, wettability refers to a solid's preference for one
fluid over another. The ability of a liquid to spread across the surface of a solid indicates the
liquid's wetting characteristics for the solid. The angle of contact at the liquid-solid surface can
be used to more easily express this spreading tendency. The contact angle is the angle between
the liquid and the solid that is always measured through the liquid. The distribution and
movement of fluids within a reservoir rock are heavily influenced by the wettability of the rock
[27].

In an oil-water reservoir wettability are of four types [38]:
e Water-wet: the rock surface has tendency to get coated with water.
e Oil-wet: the rock surface has tendency to get coated with oil.

¢ Intermediate-wet: the rock surface has equal tendency to get coated by either of the
fluids (oil or water).

e Mixed-wet: part of the rock has tendency to get coated with oil and part of it with water.

Wettability, quantitively is represented by | and it can be measured by Amott-Harvey
wettability index (1an) which is given in Equation 3.18 [37].
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laH = 6w — b0 3.18

Here, 60 and 8w are displacements by oil ratio and water ratio respectively. When the rock is
strongly water-wet value of & tends to 1 and when it is strongly oil-wet value of §, tends to
1[37].

3.1.7 Capillary Pressure

The tendency of fluid to rise or fall through capillary tube is called capillary pressure. In oil
reservoir the pore inside the rocks acts as the capillary tube. Reservoir fluid displacement can
be in the direction of adhesive forces or against them. The surface forces of capillary pressure
help in the displacement of one fluid by another in the pores of a porous medium. As a result,
it is necessary to keep the pressure of the nonwetting fluid higher than the pressure of the
wetting fluid in order to keep a porous medium partially saturated with nonwetting fluid while
also exposing it to wetting fluid. Capillary pressure is denoted by P¢ and it is measured in Pa.
The equation to measure capillary pressure is different for water-air system and water-oil
system that is shown in Equations 3.19 and 3.20 respectively [38] :

Pc = in — PW 3.19

20,,0€0S0

P, = 3.20

r

Here, Pnw is pressure of non-wetting phase, Pw is pressure of wetting phase, g,,, is the surface
tension between water and oil, 8 is the angle of contact and r is the capillary radius.

3.2 Reservoir fluid properties

Just as the reservoir rock, the reservoir fluids have also many contributing properties that helps
broaden our knowledge about the reservoir wells. These reservoir fluids stored in the rocks are
found in three types which are either water or liquid hydrocarbon or gases whose composition
depends on the history, source and current thermodynamic conditions. The distribution of
fluids in the reservoir rely on the thermodynamic condition and petrophysical properties or
even the physical and chemical properties of the fluid [44].

Reservoir fluids are complex mixture of many hydrocarbons and non-hydrocarbon component
where the hydrocarbon components are evolved from a source rock which undergoes
breakdown of organic material under high temperature and pressure that migrates upward and
gets trapped in the permeable rocks and displaces the water present there. In Figure 3.7, the
formation and accumulation of hydrocarbon fluid is shown [45]. The properties of fluid, both
hydrocarbon and non-hydrocarbon, are discussed as such.
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Hydrocarbon accumulation

p.

Hydrocarbon source

Figure 3.7: Hydrocarbon accumulation in reservoir [45]

3.2.1 Property of reservoir fluids

e Gas-Oil Ratio (GOR)
It is defined as the ratio of volume flow rate of gas produced to the volume flow rate of oil
produced and its unit is Sm%/Sm?3[46].

GOR = %= 3.21
Qoil

e Water cut
It is defined as the ratio of volume of water produced to the volume of total liquid produced
which is a dimensionless quantity and is given as [47]:

Water Cut(WC) = Qater - Qwater 3.22

Qliquid  QoittQwater

e Gas specific gravity

It is defined as the ratio of density of gas to density of air at 1 atm pressure and temperature of
60°F which are the standard temperature and pressure. It is also unitless quantity [48].

Gas specific gravity = 9% 3.23

Pair

o Qil specific gravity

Specific gravity is defined as the ratio of the density of liquid to the density of water at 4°C. In
that case, when the liquid is oil, it is referred to as oil specific gravity and will be given as

Yo = ;’—W 3.24

where, y, is the oil specific gravity, which is dimensionless quantity [52].

22



3 Theoretical background

e API gravity [49]

It is the acronym for American Petroleum Institute gravity which is defined as a parameter that
is used for measuring the weight of petroleum liquids in comparison to water. It is calculated
on the basis of the oil specific gravity of the fluid and is given as:

141.5

API = —131.5 3.25

Yo

On the basis of comparison of reservoir fluid with water it is classified into four categories
which is shown in Table 3.1.

Table 3.1: Oil categories on the basis of their °API

Type of Oil Values

Light Oil APl > 31.3°
Medium Oil 22.3° < APl > 31.3°
Heavy Oil 10° < APl > 22.3°
Extra-heavy Oil APl < 10°

3.2.2 Characterization of reservoir fluids

On the basis of pressure and temperature of hydrocarbon fluids, they are divided into five types
which are:

e Drygas

e Wetgas

e (Gas condensate
e Volatile oil

e Blackoil

These types of different reservoir fluids are the function of temperature and pressure. From
their formation to their current existence and the state they are found underneath is highly
dependent on temperature. In Figure 3.8, the blue curve represents the border where the
existence of liquid and gas depends on both temperature and pressure and an example has been
described where water at 15 psi and 100°C boils and if the temperature is further increased the
state of water changes to gas [45].

Among the five types of reservoir fluids, dry gas, wet gas and gas condensate lies in the
gaseous side of the plot whereas volatile oil and black oil remains on the other side.
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Pressure

15 psi

temperature

100°C

Figure 3.8: Single component pressure temperature relation [45]

Some other properties of these fluids is described in Table 3.2 where the physical appearance
of the fluids along with their API value are given.

Table 3.2: Properties of reservoir hydrocarbons [50]

g . API gravity
Reservoir fluid Surface appearance

s (degree)

Dry gas Colorless gas
Wet gas Colorless gas + small amount of clear liquid 60~70
Colorless gas with significant amounts of light-colored 50~70

Condensate liquid

Volatile oil Brown liquid with various yellow 40~50
Black oil Dark brown to black viscous liquid 30~40

But in order to understand the properties of multi component fluid system, another phase
diagram plotted between temperature and pressure will be required and such a graph is shown
in Figure 3.9 in which CP is the critical point and it is the point where all the properties of
liquid and gases are equal, the dashed lines represent the percentage of liquid and separator
conditions of each type of fluids are shown.
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Figure 3.9: Phase equilibrium of multi-component system [9]

e Drygas

Dry gas is the natural gas that occur without the presence of any liquid hydrocarbons. From the
Figure 3.9 for dry gas, the separator conditions fall way out of the phase diagram, so no liquid
is formed either in reservoir or at the surface and it is completely gas [51].

e Wetgas

Wet gas is the natural gas which is the mixture of hydrocarbon gas and liquids. Throughout the
reduction in reservoir pressure, wet gas exists solely as a gas in the reservoir and no liquid is
formed inside the reservoir. However, separator condition in this case lies inside the phase
diagram that cause the formation of some liquid at the surface [51].

e (Gas condensate

Condensate gas also referred to as retrograde gas is a part gas and part liquid phase where
according to the figure the reservoir temperature of the condensate gas reservoir is more than
that of the critical temperature of the fluid so at reservoir pressure and temperature, condensate
gas is gas. When the pressure in a condensate gas reservoir is reduced, the fluid passes through
the dew point, causing large amounts of liquid to condense in the reservoir and because the gas
preferentially to oil so most of the oil is unrecoverable but if the dry gas is re-injected keeping
the reservoir pressure above dew point, those liquid oil can be recovered [51].

e Volatile oil

Volatile oil is the type which contains heavy molecules and intermediate gas which tends to be
very rich and similar to condensate gas. When compared to condensate gas, the phase envelope
of a volatile oil tends to cover more wider temperature range and the reservoir temperature is
always lower than the critical temperature for the fluid. As the reservoir temperature
approaches the critical temperature, a volatile oil becomes more gas-like, to the point where a
volatile oil reservoir can flash primarily to gas and have a low liquid content even with
moderate depletion [51].
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e Black oil

Black oil is the type which contains large, heavy and non-volatile hydrocarbons. According to
Figure 3.9, the reservoir condition is above the bubble point line which indicates the fluid is
unsaturated and can dissolve more gas in it. When this line intersects the bubble point line, it
becomes saturated and can not dissolve any more gas however, any further reduction in
pressure causes formation and release of gas inside the reservoir. Additional gas evolved from
the oil flows from reservoir to surface which leads to shrinkage of oil due to which black oil
are also referred to as low shrinkage crude oil or ordinary oil [51].

3.2.3 Black oil model

Now using the properties of the black oil type of fluid, simulations can be run in multiphase
tools which is known as black oil model. This model can be used for any type of reservoir
because it can predict compressibility and mass transfer effects between the phases that are
needed to model pressure depletion and water injection [55].

3.2.4 Lasater correlation

Black oil model uses many correlations as per the requirement of the reservoir well and the
most commonly used one is the Lasater correlation. According to his correlation, with effective
molecular weight of the given black oil sample, different carriable can be defined to specify
the PVT relation of that crude oil. Below is the Table 3.3, which shows the data used in Laster
correlation [52] [56].

Table 3.3: Data used in Lasater correlation [53]

Conditions Units
17.9° < API<51.1° "API
48 < Pp< 5780 psia
82<T<272 F
3 <Ry <2905 scf/stb
0.574 < Ve < 1.223 Vr =1

where Py is the bubble point pressure, T is reservoir fluid temperature, Ry is the solution gas-
oil ratio and y4 is the specific gravity of gas.

3.3 Productivity index

The productivity index is a method for determining the relative ability of wells to produce oil
without open flow. When determining productivity index, the well is operated at low rates,
eliminating gas waste, the risk of water-coning, and the need for unnecessary oversize and
expensive equipment for open-flow potentials. The productivity index is calculated by
measuring the pressure differential at the sand face, which only considers the resistance of the
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sand or producing formation to yield oil and ignores the resistance of the flow string. It is
denoted by J and is defined by barrels of oil per day per pound differential between static and
bottom-hole pressure (bbl/psi/day) [54].

In order to calculate the productivity index, there are many models proposed in recent years for
both vertical and horizontal wells. Babu and Odeh introduced one of the best models that have
proven useful in practice for estimating the productivity index of open-hole horizontal wells
with a nearly rectangular drainage area and eccentric in the horizontal direction. Figure 3.10
represents the diagrammatic representation of the rectangular drainage area and this figure has
been used to the derive the equation 3.26 which is the generalized mathematical expression of
this model [9].

_ 7.08x1073xb.[kyk,
J= Bu(In(Cyvah/ry))—0.75+S; 3.26

where J is the productivity index in stb/d/psi, kx and k; are the permeability of the reservoir in

x and z direction respectively in mD, u is the viscosity of oil in cP and B is the formation

volume factor which is the ratio of gas volume at reservoir condition to gas volume at standard

condition and is expressed in bbl/stb.

by,

Figure 3.10: Nomenclatures used in Babu and Odeh model for reservoir and well geometry
[55]

And the remaining unknow quantities in Equation 3.26 which are a, b and h are the geometric
parameters in ft. Also CH and Sy are Babu and Odeh model’s parameters which are the function
of geometry of drainage area related to the location of well and the permeability of reservoir in
X, Y, z direction. To calculate these parameters, equation 3.27 must be satisfied which is [55]
[9]:

1.33a __ 0.75h
>

= 3.27

>

Al=
<
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If the parameters satisfies this condition, then the value of S, can be calculated as:

Sr=Pxyz+ Py + Py

where,

Py, = (% — 1) {ln (%) + 0.25In (Z—’z‘) —In [sin

assuming, y,, =
and,

62802 \Jkyk; [(1  ym . V& Lw (Lw
Py=—— ————t =)+t —\-—
ah  ky 3 b b 24b\ b

when dx > 0.25a , then

Ry == 1) (52 2) G- 5+ 3)

Also,

inCy = 2202 [t (-4 L)~ [sin "] ~ 05in [ (5) [i2] - 1.088

-3)]

Ttd,
h

3.28

] - 1.838} 3.29

3.30
3.31

3.32

3.4 Mathematical model of ICDs [9]

As earlier discussed in subchapter 2.4.2 about nozzle/orifice type ICDs which works by passing
the fluid through restriction to achieve required pressure and a schematic of ICD is also shown
in Figure 2.8. Now dive into the working principles and mathematics of it, Figure 3.11is shown
which is the diagram of orifice plate in the middle of the pipe. The flow of fluid inside the pipe
and into the orifice is governed by Continuity equation (Equation 3.33) and the Bernoulli’s
equation (Equation 3.34) that assists to derive a mathematical equation.

Wall

D, A1
- —
=<
v
Az

I';U.M

Figure 3.11: Orifice plate inside the pipe [9]

Assuming steady-state, incompressible and laminar flow with uniform velocity at points 1 and
2, the frictional losses can be neglected and also points 1 and 2 are at the same height so

continuity equation can be given as:

: Q
Q=A1v1=A2172=>U1=A—,172=
1

Q 3.33

A
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Similarly, Bernoulli’s equation can be written as,
2 2
P1+%=P2+% 3.34

By combining Equations 3.33 and 3.34, we can write the equation as,

8 2(P1—P;)/p
¢= AZ\I 1-(A2/A1)? 335

Equation 3.35 is only derived for ideal cases and in non-ideal cases Q is lower due to the
geometric conditions of the ICDs. If Cp is the discharge coefficient, then we can modify the
given equation for real cases as,

Q = CpA,; /1__134 /ZATP 3.36

Here, @ - volumetric flow rate of fluid passing through orifice [m®/s]
AP — pressure drop over the orifice plate [Pa]
p — density of fluid [kg/m]
B —d/ D, whered is orifice diameter and D is pipe diameter in meters [-]
Co - A2/ Ac[-]
A, — Area of cross-section of orifice hole [m?]
Avc — Minimum jet area just downstream of orifice known as Vena Contracta [m?]

In orifice type ICDs, we can assume 8 — d / D =~ 0 because the orifice diameter (d) is very
small in compared to the production tubing diameter (D).

If a is parameter representing valve opening and closing such that 0 < a > 1, then Equation

3.36 can be re-written as:
0 = aCpA, /“TP 3.37

This Equation 3.37 is the generalized mathematical equation which describes the flow of fluids
inside ICDs.
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4 Norne oil field

Norne is an old oil field which was discovered in 1992. It is located 80 kilometers north of
Heidrun field and approximately 200 kilometers north of Norwegian coast whose water depth
is about 380m. After the discovery of the field, the Plan for Development and Operation (PDO)
for this field was approved in 1995 and lastly the production started in 1997. The geographic
location of the field is shown in Figure 4.1 [12].

10

Finland

Awarded area, february 2012
100 200 400 km

Denmark

0 10

Figure 4.1: Location of Norne field on the Norwegian Continental Shelf [56]

The oil from the field is transported using tankers while the gases are transported using
dedicated pipelines. Norne produces oil and gas which are of good quality from lower to middle
Jurassic sandstones and the reservoir lies at the depth of about 2500 meters [12].

Norne field started its production of oil in 1997 with The Norwegian Petroleum Directorate
(NPD) has estimated that the original recoverable oil quantity from Norne field is 94.68 million
Sm? while according to the current data the remaining recoverable oil is 3.12 million Sm?2,
Currently, the owner of the business arrangement area is Norne Inside and the operation is
handled by Equinor Energy AS likewise, the license holding companies are Petoro AS, Equinor
Energy AS and Var Energi AS with share of 54%, 39.1% and 6.9% respectively [12].

4.1 Well 6608/10-D-2H

Since Norne had potential for yielding high amount of oil and gas, there were several wells
developed for maximum and optimized extraction of oil. Well 6608/10-D-2H is one of them
and for this thesis all the data needed for OLGA/Rocx were taken and calculation were made
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from this well. Figure 4.2 shows the location and a small description of the well. Well 6608/10-
D-2H has a water depth of 375m, the Total Vertical Depth (TVD) is 2647m and Total/Measured
Depth (MD) is 4174m [57].

Wellbore, development: 6608/10-D-2H = | want to...

Description

6608/10-D-2 H is operated by Den norske stats oljeselskap a.s and
was completed 01/03/1997 by TRANS. WILDCAT.

¥ Detalls

NPDID wellbore: 2913

NPDID discovery: 44942

NPDID field: 43778

NPDID drilling facility: 207028
NPDID production facility: 279281
NPDID wellbore reclassified from: 0
NPDID production licence drilled in: 21836
Wellbore name: 6608/10-D-2 H

Well name: 6608/10-D-2

Discovery: 6608/10-2 Norne

Field: NORNE

Drilled in production licence: 128
Drill permit: 1249-P

Type: DEVELOPMENT

Multilateral: NO

WDSS volume reference: 0
Licensing activity awarded in: 10-B
Drilling eperator: Den norske stats oljeselskap a.s
Drilling facility: TRANS. WILDCAT
Drilling facility type: SEMISUB STEEL
Production facility: NORNE D
Entered date: 01/10/1996
Completed date: 01/03/1997

NS decimal degrees: 66.0137

EW decimal degrees: 8.0579
Geodetic datum: ED50

Figure 4.2: Well 6608/10-D-2H location and description [58]

Before a well is developed, an appraisal well is first set where samples of rock and fluids are
taken for studies in lab and based on the research production wells around that appraisal well
are where the properties of rocks and fluids are almost similar are built. So, appraisal well
6608/10-3 was the assisting well which aided in identifying the properties of well 6608/10-D-
2H. Hence most of the properties of rock and fluid parameters were either found from [59] or
from Appendix B. In Appendix B, some reservoir information was provided by Equinor Energy
AS for study purpose.

4.2 Reservoir characteristics

In the following subchapters, the general pressure, temperature, rock properties and fluid
properties of the well is extracted from the NPD page. Also, some of the information which
were not available from the NPD page were accessible from others information resources
where data were shared by concerning personnel.

4.2.1 Pressure and temperature

In a reservoir, pressure and temperature plays a vital role in its study where together
temperature and pressure can help us control the flow and mobilization of the reservoir fluid.
The bottom hole temperature of the reservoir is 115 °C while to find the pressure value was not
straight forward given so, it was approximated from the pressure formation data available in
NPD page and was averaged to 277 bar from the graph available in Appendix C [62].
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4.2.2 Reservoir fluid properties

Table 4.1 shows the basic fluid properties of well 6608/10-3 which is given by Equinor Energy
AS in its report available in Appendix B. In the appendix, a lot of information has been given
and Table 4.1 is made to highlight the ones that is required for OLGA/Rocx.

Table 4.1: Reservoir fluid properties values at different temperatures

Parameters Temperature (°C) Values
Viscosity 20 13.5 ¢St
Viscosity 40 6.19 cSt
Viscosity 50 4.55 cSt
Density 15 0.865 gm/cm?®
Density Reservoir condition 0.860 gm/cm?®
API gravity Standard condition 32.0
GOR Sm3/Smd 82

Value of GOR is not available in the appendix but it is available in [59].

4.2.3 Reservoir rock properties

The rock properties of Norne field is quite unique as compared to other field geologically and
these rocks are categorized and named after their formations. All these formations has different
thickness and different rock characteristics. The names of these formations are Garn formation,
Ila formation and Tofte formation [60]. As studied in subchapter 3.1, it is required to obtained
all the values in order to feed the values to OLGA/Rocx which is done as follows.

e Porosity

In Figure 4.3, is the seismic data where the values of porosities of different layers of Norne
field’s rock is shown. From figure, it is clear that the range of porosity is from 16% to 29%,
depending on the type of formation it lies in. Since reservoir fluid is present in all these
formations there is no precise value of the porosity hence an average of these value was taken
and found to be 0.23 or 23%.
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Figure 4.3: Porosity of Norne reservoir [64]

e Absolute permeability

The value of permeabilities due to the formations was also not precise and the value of absolute
permeability was calculated as an average of permeabilities in different layers which is
available in Appendix D. And from the available data, the value of absolute permeability, k
was found to be 0.3D or 300 mD.

e Relative permeability and capillary pressure

The data for relative permeability and capillary pressure for different saturations is not
available in the NPD factpage so just like absolute permeability, the relative permeability and
capillary pressure data is given in Appendix E. The data however can be shown in the graph
which is plotted with saturations, relative permeability of water and relative permeability of oil
in Figure 4.4.
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Figure 4.4: Relative permeability curve for Norne field

In Figure 4.4, knw is the relative permeability of water and ki, is the relative permeability of oil.
e Reservoir length and thickness

The dimension of reservoir is also a major parameter because for the simulations in
OLGA/Rocx a suitable and accurate approximation of well must be made for the results to be
good. The lengths of the well is already present in [57] where the Total/Measured Depth is
4174m and Total/Final Vertical Depth (TVD) is 2647m. Similarly, for the thickness of well
using the data appraisal well 6608/10-3 from [59] and [60], the thickness was found to be 135m.

e Rock compressibility

The value of rock compressibility usually ranges from 1.5 x 10 to 20 x 10 1/psi according
to [64] and the value was considered to be 0.0001 1/bar that is approximately 1.4 x 10° 1/psi.
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5 Methods and calculations

In this chapter, the calculations that are to be done to feed the values in OLGA/Rocx are done
for the parameters whose values are yet to be found.

5.1 Oil Viscosity

From Appendix B, the values of viscosities at different temperatures are already given but in
the value of viscosity at reservoir condition of Norne field is still unknown. This can be
achieved by a linear regression method where we can use the given values of viscosity at
different temperatures. But before that a mathematical model is required to define temperature
and viscosity while the effect of pressure being neglected on viscosity is assumed. So, Equation
5.1 is a commonly used empirical relation between viscosity and temperature [9] [61].

o= AeB/T 5.1

where u is viscosity [cP], T is temperature[K] and A and B are unknown constant parameters
which should be defined empirically. So taking logarithm in both sides, Equation 5.1 becomes,

Inu=InA+ B/T 5.2
Now, writing equation in matrix form,

Inu=[1 1/T] [“;A] 5.3

which again can be written in the form of
y =T (x)0 5.4

Here, by considering the value of y = lnu, T =[1 1/T]and 8 = [ZTEA] , it is possible to

solve the equation and find the values of A and B. The values given in Table 4.1 can be used
to plug in the values of temperature and viscosity. So, to calculate the value of viscosity in
reservoir condition that is at 115°C (388K) curve fitting is done with the values obtained from
linear regression and MATLAB code available from [9] is used to extrapolate the value and
figure 5.1 is obtained where it can be seen at temperature 388K the viscosity was found to be
0.471cP .
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Figure 5.1: Extrapolated value of viscosity at reservoir condition
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5.2 Horizontal length of well 6608/10-D-2H

For the calculation of horizontal length of well, Figure 5.2 can give the insight of Total Vertical
Depth (TVD) and Measured Depth (MD). Also, for the calculation of horizontal length
(Lhorizontat) another parameter called kickoff length (Lkick-#f) is required. As discussed in
subchapter 2.3.2 about kickoff point, which is the point from which the deviation starts for
drilling the hole in horizontal direction, its length is also needed to determine.

:

MD = length
of wellbore
along path

TVD &
Vertical depth
independent
of path

Figure 5.2: Diagram of Measured Depth and Total Vertical Depth [9]

Wellbore

The horizontal length can be calculated using equation 5.5 which is
Lmp = Lyvp + Lhorizontal + Lickoff 55

The calculation of horizontal length of well 6608/10-D-2H is available in Appendix F where
it is found to be 945m.

5.3 Frictional pressure drop of well 6608/10-D-2H

The flow of the fluid is highly affected by the friction in the pipe which is caused by viscosity
within the liquid and the turbulence that occurs around the surface of the wall of pipe which
again is caused by the roughness of the material of the pipe. This resistance is usually referred
to as the pipe friction or frictional pressure drop [62]. The calculation of this pressure drop can
be achieved using Darcy-Weisbach equation which is shown in equation 5.6. If L is the length
of the pipe in meter, u is the viscosity in cP , p is the density of fluid in kg/m?, v is the velocity
of fluid in m/s, D is the diameter of the pipe then frictional pressure drop (APs) is given by
Darcy-Weisbach equation as,
AP _ fov? 5.6
L 2D

where f is the Mody friction factor which depends on the type of flow inside the pipe. If the
flow is laminar, Mody friction factor can simply be calculated by using Equation 5.7 which is,

f= 5.7

where pvD/ u is the Reynold’s Number (Re).

641
pvD

But in practical cases, most of the time the flow is turbulent and not laminar. So, when the
cases are turbulent Mody frictional factor becomes the function of roughness of the pipe ().
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Therefore, an equation which has the correlation between the friction factor and roughness of
the pipe is needed which is given by Colebrook-White equation [62] [9].

1 _ 2e | 187

7= 1.74 — 2log (D +_Reﬁ>
All the values required for the calculation of frictional pressure drop is calculated or given in
Appendices but the diameter and roughness of the pipe is given in [63] which are 5.5 inches =

0.1397 m and 0.00015 m respectively. Lastly, using the MATLAB code available in the
appendix of [9], the frictional pressure drop was calculated to be 0.182 bar.

5.8

5.4 Permeability anisotropy

Permeability anisotropy as discussed in sub chapter 3.1.4.2 is the ratio of vertical permeability
(kv) to horizontal permeability (kn). The well 6608/10-D-2H of Norne field is divided into
several layers and each layers or formations has different values of permeabilities so these
layers are called as zones and each zone has the values as shown in Table 5.1.

Table 5.1: Zones thickness and the values of its rock parameters [60]

Zones Net pay Porosity | Permeability | Average Vsn | Average Sw
thickness[m] [MD]

Zone 1 35 0.2 580 0.31 0.36

Zone 2 46 0.24 495 0.15 0.20

Zone 3 55 0.27 1087 0.14 0.32

After having these data, it is possible to calculate the values of relative permeability is x, y and
z direction and hence the value of permeability anisotropy can be calculated. Equation 5.9 is
the formula to calculate average shale volume (Vsh,average),

V _ hzonel-Vsh,zonel+hzoneZ-Vsh,zone2+hzon63-Vsh,zon93
sh,average —

5.9

hzone1thzonez+hzones

here, R one1 s Rzonez » Rzones are the net pay thickness of the zones and Vs zone1 » Vs zonez -
Vsn,zonez are the average shale volumes of the zones. Therefore, using Equations 3.12, 3.13,
3.14 and 5.19 the value of permeability anisotropy a is found to be 0.257 for which the
calculation is given in Appendix F [9]. Also the results obtained from calculations are presented
in Table 5.2

Table 5.2: Values of parameters used in calculating permeability anisotropy

Parameters

Vsh,average

kx

ky

ks

Values

0.187 m

0.469 D

0.469 D

0.121D

0.257
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5.5 Productivity index

As previously discussed in subchapter 3.3 about the productivity index, this parameter can be
calculated using Babu and Odeh model. So, using equations 3.26 to equations 3.32, calculations
are done shown in Appendix F and the value obtained from the calculation is , J = 928.16
stb/d/psi or 2140 m®/d/bar .

5.6 Pressure drawdown

The differential pressure that helps in the movement of reservoir fluids from a reservoir into
the wellbore is known as pressure drawdown. There is a pressure drop along a horizontal
wellbore due to frictional losses in flow. If the pressure drop is significant compared to
drawdown, the pressure far down hole could nearly equal the reservoir pressure, rendering a
portion of the well unproductive. Therefore, frictional loss inside pipe can reduce the
productivity. In Figure 5.3, the graph of drawdown pressure along the length of pipe is shown
and it is clear from the graph that the horizontal well's producing end will be at a lower pressure
than the other tip [64] [65] [66].
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Figure 5.3: Pressure profile along the length of pipe [66]

In the figure, the horizontal well represents a long wellbore with consistent well pressure
throughout but in practice maintaining fluid flow within the wellbore requires some pressure
drop from the tip of the horizontal wellbore to the producing end [66]. Therefore, some pressure
drive is needed to overcome this pressure to keep the reservoir fluids moving inside for smooth
production.

In this thesis, the well 6608/10-D-2H of Norne field is assumed to be homogenous and only
ICD valves have been used to design in OLGA, the significance of calculating pressure
drawdown would increase if the reservoir was heterogenous and if AICD valves have been
used but, in this case, none are used hence a suitable value was approximated for the pressure
drawdown which is 12 bar.
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6 Development of model

From all the chapters above, the necessary data needed to model the well 6608/10-D-2H of
Norne oil field are found from various sources. Now the next step is to create a model of the
well that is very similar to that of the real well 6608/10-D-2H. In this chapter, the preparation
of Rox model is discussed at first then OLGA model is discussed and finally the cases that are
to be simulated are briefed.

6.1 Development of Rocx model

In this subchapter, the input parameters needed to model the well are being interpreted. Those
parameters include grid setting, reservoir and rock properties, relative permeability and
capillary pressure, initial and boundary conditions and time step input.

6.1.1 Drainage area

To prepare a grid for reservoir model, drainage area of the near-well reservoir must be made.
In actual practice the area of the drainage is ellipsoidal as shown in Figure 3.5 in subchapter
3.1.4.2. But in while modelling in Rocx, it is not possible to feed the data for ellipsoidal area
hence close to ellipsoidal area is a rectangular and for drainage area of well, rectangular well
is considered. So, using the dimensions previously calculated, the length of the drain in x
direction is 992 m. It should be noted that originally the length of the well was found to be 945
m but it is an approximation length which could be more or less than the calculated value. Later
while dividing the wellbore in sections, considering the length of the well as 992 m was easier
and did not affect the output of the well. Similarly, the thickness of the near-well reservoir in
z direction was 136 m.

After this, the size of width was required for the completion of drainage area, so an assumption
was made for the width to be twice the thickness which is = 270 m. This selection was made
on the basis of [9] where after the mesh completion of the model in that paper the width was
found to be twice the thickness.

Now based on the dimensions, geometry of drainage area was drawn to visualize the near-well
reservoir which is shown in Figure 6.1.

| E—

136 m i

992 m

Figure 6.1: Geometry of the drainage area
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In this figure, it should be noted that the near-well reservoir is placed in the middle of the width
of drainage area while it is placed only 10 m below the surface because the farther the well is
from the aquifer, the more is the delay in water breakthrough.

But since the width of drainage area is just an approximation, five different cases were done
with length and thickness of the well keeping constant while changing the width of the well as
shown in Table 6.1.

Table 6.1: Different simulation cases for the selection of width of drainage area

Cases Width [m] Thickness [m] | Length [m]
Case 1 230 136 992
Case 2 250 136 992
Case 3 270 136 992
Case 4 290 136 992
Case 5 310 136 992

With the widths of 20 m difference higher than the approximated value as well as lower than
the approximated value, simulation was run in OLGA for 200 days and the graph shown in
Figure 6.2 was obtained.

1485

— Width = 230m
— Width = 250m
— Width = 270m

Width = 290m
— Width = 310m
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0.0€0
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Time [s]

Figure 6.2: Simulated cases for different widths of drainage area
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From Figure 6.2, it can be seen that all the widths have started the production with the same
accumulated volume of oil in the start and at the end of 200 days, there is not much difference
in the production of accumulated volume of oil. From this result, the width of drainage area
was changed from 270 m to 230 m because while setting up the mesh of the drainage area, the
less is the number of cells the faster is the simulation, given that the change in width does not
affect the production volume.

6.1.2 Grid setting

The grid setting in Rocx is the first step of modeling the reservoir where in easy words the
drainage area created in Figure 6.1 must be set up in an appropriate mesh or discretized the
reservoir for the simulation in OLGA/Rocx. Firstly, number of grids must be entered for x, y
and z directions which is a challenging task. Now this value must be chosen in an optimized
way because if the number of cells in the grid is higher it can increase the time of simulation.
This can be achieved in two ways where in the first method a grid of equal mesh size can be
made but because the pressure variation in the hole is higher in the areas close to the well and
least when it is away from it which can be shown in Figure 6.3. Hence, the resolution close to
the well will not be good enough to show the accuracy of the well.

Pressure Profile

?
Pressure Boundary
5
Tw Distance e
Center of
Wellbore

Figure 6.3: Variation of pressure

Therefore, the second method where the mesh is finer where the pressure is high and coarser
where the pressure is low, can be used. In this way the resolution of the mesh is not altered,
and the results obtained is much better than the previous method in the same simulation time.

The number of grids chosen for nx, ny, nz are 8, 19 and 12 respectively. Here, the value of nx
was chosen 8 because the length of the well is 992 m and the standard ICD size is 12.4 m. In
the production tubing of Norne reservoir ICD along with other components are used to develop
the model hence in the x direction the length of reservoir was divided in 8 uniform zones or
cells with the length of 124 m each that sums up to 992 m.

The fluid flow and the pressure variation inside the wellbore is only properly visible in Y-Z
plane so, the mesh in these planes is not uniform as in x direction. The grid size is then defined
in ny and nz direction as 19 and 12 where the grid block sizes as set coarser away from the well
and finer near the well as shown in Figure 6.4. The grid block sizes can be entered for both
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radial and rectangular (cylindrical and cartesian coordinates systems) and input is given in
rectangular since our drainage area is rectangular. The direction vector for gravity can be
denoted in (x,y,z) coordinates and since the gravity is acting in z direction it can be written as
(0,0,2).

The number of grids in y and z direction will have to be changed and analyzed before the actual
simulations is started because the change in the number of grids may affect the result.
Therefore, mesh sensitivity analysis is done to check if the number of grids in y and z directions
are suitable enough to use for the simulation in OLGA/Rocx. In order to analyze the number
of grids in y direction, 3 cases will be simulated where the value of ny is change from 19 to 36
and 57 keeping all other parameters constant and similarly, for the number of grids in z
direction, 3 cases will be simulated where the value of nz is changed from 12 to 24 and 48.
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Figure 6.4: Mesh refinement in y and z direction

6.1.2.1 Mesh sensitivity analysis in y direction

For the sensitivity analysis of number of grids in y direction, the value of ny in Rocx is change
for 19, 39 and 57 and a graph is plotted against time and accumulated volume of oil and water
and volumetric flow rate of oil and water for 200 days shown in Figure 6.5. The figures shows
that the accumulated oil volume as well as volumetric flow rate of oil for ny 19 and 57 does
not have much difference while the accumulated volume of water and volumetric flow rate of
water seems to have no changes which is not possible in real practice. But even when the
refinement of mesh until 57 grid size does not shows the water inside the reservoir then there
is a chance that change of grid size in z direction may show some good results. Hence, fo the
number of grids in y direction the value of ny can be set to 19.
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Figure 6.5: Accumulated volume (up) and volumetric flow rate (down) of oil and water for
different values of number of grids in y direction

6.1.2.2 Mesh sensitivity analysis in z direction

Similarly for the sensitivity analysis of grid block size in z direction nz is varied to 12, 24 and
48 for accumulated volume and volumetric flow rate of oil and water keeping all other
parameters same for 200 days. Figure 6.6 shows the result obtained after the simulation and
observing the graph, it shows the same results for the accumulated volume and volumetric flow
rate of oil as it did for the cases of ny but with ny = 12 there is still no water seen in the reservoir
however water starts showing when the grid size is changed to 24 and 48. But as already
mentioned that the number of cells must be optimized, nz = 48 yields to higher number of cells
therefore for the base case nz is selected 24.
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Figure 6.6: Accumulated volume (up) and volumetric flow rate (down) of oil and water for
different values of number of grids in z direction

6.1.2.3 Final grid setting for base case of model

Therefore, for the base case model of the well 6608/10-D-2H of Norne oil field, by the help of
sensitivity analysis, the final number of grids in y and z directions are 19 and 24 respectively.
The mesh refinement after the selection of final mesh sizes are shown in Figure 6.7 and in the
figure note must be taken that the grid sizes are not in the scale.
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Figure 6.7: Final grid setting for base case model in YZ direction and in 3D

Likewise, the sizes of grid block sizes are shown in Table 6.2 where the values of each blocks
in x direction is same while the sizes in y and z directions are as such.

Table 6.2: Number of grids and mesh block sizes for base case of well model

Directions | Number of grids Size [m]
X nx=28 124
y ny =19 30,23.5,18,14,11,8,5,3,2,1,2,3,5,8,11,14,18,23.5,30
z nz=24 43,2,11,12.23,34,455,6,6,7,7,9,9,11,12,13,14

6.1.3 Fluid properties

The fluid properties that are discussed in subchapter 3.2 are specified here. Firstly, there is an
option of PVT table and Black oil. Now, PVT module uses lookup table with one fluid however
Black oil module gives us the option of feeding more parameters in which the properties of the
fluid can be defined in descriptive way. Moreover, Black oil selection is also dependent on API
as shown in table 3.2 which in this case is 32 so it is the most favorable choice. Previously
mentioned that Black oil model can be solved by many correlations among which Lasater is
the most common one so it is selected in GOR model, the fraction type used is the mass fraction.
After that the fluid properties are fed with the values as shown in Table 6.3

Table 6.3: Fluid properties parameters values for Rocx

Parameters Values
GOR 82 Sm*/Sm?
Gas specific gravity 0.64
Oil specific gravity 0.86
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Viscosity 0.47107 cP
Temperature 115°C
Pressure 277 bar

After these inputs, there is an option for feed oil and feed water which defines the water drive
properties of Norne oil field. Table 6.4 represents the values provided to the feed.

Table 6.4: Oil and water feed components

Feed Gas fraction Water cut
Oil component 82 (GOR) 0.0001
Water component | 0.0001 (GLR) 0.99

6.1.4 Reservoir properties

In the reservoir properties, the rock properties of Norne oil field is to be provided. There are
some assumptions made while entering the inputs to the parameters which are the porosity of
the Norne oil field is considered to be constant everywhere and the rock thermal properties has
no effect on the production hence in Rocx it is marked off. The permeabilities in x, y and z
direction asked to input is in radial directions but while modeling, a rectangular drainage area
is considered. The values of these permeability along with permeability anisotropy is already
being calculated in Appendix F and rest of the input values are shown in Table 6.5.

Table 6.5: Reservoir properties of Norne oil field

Parameters Values
Porosity 0.23
Rock compressibility 0.0001 1/bar
Reference pressure of rock compressibility 1 bar
Permeability in x direction 469 mD
Permeability in y direction 469 mD
Permeability in z direction 121 mD

6.1.5 Relative permeability and capillary pressure

The relative permeability data is provided to the modules by the data provided in Appendix E.
Here, in the residual saturations module the values of water connate saturation (swc) is 0.05,
residual oil saturation (sor) is 0.1 and residual gas saturations (sgr) is zero. These values were
approximated from the data and graph obtained in figure 4.3. Here, residual gas saturation is
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zero because it is assumed that there is no gas production in reservoir. However, it is discussed
in subchapter 3.2.2 that when the black oil goes through pressure reduction below the bubble
point line, there is a release of gas inside the reservoir and considering this situation the relative
permeability of gas is also fed to the module of relative permeability of gas. The values of
relative permeability of oil, water and gas for different values of saturation is plugged in.

Likewise, the capillary pressure data is available in same appendix for different saturations and
only the capillary pressure of oil water is considered while for oil gas is kept zero.

6.1.6 Initial condition

Initially the reservoir is saturated with oil so, feed oil module is defined to be almost pure
(fraction value = 1). The values of temperature and pressure are same as provided in fluid
property setting which are 115°C and 277 bar respectively. As for the values of saturations of
water (Sw), 0il (So) and gas (Sg) , they are 0.3, 0.7 and 0O respectively.

6.1.7 Boundary condition

In boundary condition, there are two tabs for well pressure and reservoir pressure. In well
pressure well the length of the well that was discretized in x direction into 8 uniform zones in
subchapter 6.1.2 must be defined. So, well source as P1 to P8 is defined in each zones. In each
of these zones, the values of (ix, iy, iz) must be defined. Value ix defines well position in X
direction in the first zone (P1) until last zone (P8), iy and iz defines the well position in y and
z direction respectively where their position are set in the block sizes of grid as 10" and 4™
position in y and z direction. The direction index of well iDr is 1 because well trajectory
direction is along radial x direction. The temperature, pressure and saturations of oil, water and
gas must also be fed to the feed oil component for each well sources. Finally the diameter of
the wellbore is set be 0.2286 m.

Because of the presence of aquifer, the pressure reservoir has feed water option with
temperature and pressure values given same as before but since there is no oil in aquifer the
value of water saturation is 1.

6.1.8 Simulation

In simulation tab, the values of minimum time step was set to 0.01s and the maximum time
step was 10000 s for the simulation to run.

6.1.9 Model completion

When all the above mention parameters are provided in Rocx a proper file name must be
assigned and after pressing the run command on the top of the task bar, a dialogue box appears
which either shows error if there is something wrong with parameters input or if every
parameters are correct dialogue box shown in figure 6.8 appears which says Rocx is done.

6.2 Development of OLGA model

OLGA is the main program to run the simulations and it has many settings and addition of
components to build a proper model which must appear close to well 6608/10-D-2H of Norne
oil filed. These settings are explained and the model that was designed in OLGA is shown in
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Figure 6.8. The upper figure illustrates the left end of the model where both in production
tubing and wellbore the flow is zero. The near-well source extracts the information of reservoir
from Rocx file attached to it. Then, there is valves in each section boundary from which the
fluids enter into the wellbore. Similarly, leaks are the connectors of wellbore and production
tubing whereas packers divide two different zones. For 8 zones the model has same component
except at the end of the right end of the model is pressure node outlet. This pressure node
creates the pressure difference between the production tubing and wellbore that makes the
reservoir fluid to move towards the pressure node.
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Figure 6.8: OLGA model of well 6608/10-D-2H of Norne oil field

6.2.1 Case definition

In case definition, a PVT file defining three phase system is used for developing OLGA model
and an integration time is given for minimum time step of 0.01 s, maximum time step of 10000
s and the case is simulated for 200 days.

6.2.2 Composition

Three Black oil components for oil, water and gas must be defined in this setting since the
simulation is being run for all three components and it should be the same values as defined
in Rocx. Also, water drive and oil drive is defined same as done in Rocx.

6.2.3 Flow component

The flow component describes about the properties of components being used in production
tubing and in wellbore. As shown in Figure 6.8, the OLGA model for well 6608/10-D-2H of
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Norne oil field, to understand it better, a simplified diagram of how the models are designed
with the components is shown in Figure 6.9.
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Figure 6.9: Diagrammatic representation of a simple OLGA model with its basic components
[9]

From the Figures 6.8 and 6.9, it is shown that there are two pipes, one for wellbore where
various components are installed, and another is the production tubing from where the reservoir
fluid flows. The information of each of this tubes along with the information of its properties
is required in OLGA model. So, the diameter of production tubing is 0.1397 m which is 5.5
inches, and the tube is 992 m long while the diameter of wellbore is higher than that of
production tubing which is 0.2286 m or 9 inches and has same length as production tubing.
The material of the pipe being used is same in both pipes therefore the value of surface
roughness (&) is same for both which is 0.00015 m.

As it is discussed earlier in subchapter 6.1.2 that length of the pipes are divided into 8 zones
and these zones are the production zones shown in Figure 6.9 which are further divided to 16
sections, each zones subdivided into two hypothetical sections, making the length of each
sections to be 62 m.

Each of the zones containing two sections in wellbore has four components. The first
component is a packer, and it is a device that stops the fluid flow from one zone to another so,
basically packer is used to separate zones. Then comes the nearwell source in first section of
each zone that is plugged in with Rocx. The ICD valves are then installed in the imaginary
boundary of the two sections from which reservoir fluids enters the wellbore and flows through
leak in second section of each zones entering the production tubing. These fluids from all the
zones collects the reservoir fluids from wellbore and moves towards the heel. The designation
of each component is shown in Table 6.6.

Table 6.6: Description and specification of components of wellbore

Components OLGA module Description
Near-well source Near-well Linked with corresponding Rocx file
ICD valve Valve Diameter = 0.09 m, CD = 0.84, connected to
wellbore from which reservoir fluids enter
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Leak Leak Diameter = 0.12 m, CD =1, connected to production
tubing
Packer Valve(closed) Diameter = 0.09m, opening = 0 (fully closed),
connected to wellbore

After these zones are modelled for production, the boundary conditions must also be defined
for the final step. There are four boundary conditions of the flow path that are given in Table
6.7. The boundaries of wellbore, both inlet and outlet, are closed node which also acts as packer
for the first and the last section of wellbore however, the inlet boundary of production tubing
is closed node, but the outlet acts as the pressure node because all the fluids collected from
wellbore is driven towards the heel using this pressure outlet also called as pressure node. This
is the same pressure node whose drawdown pressure was estimated as 12 bar in subchapter 5.6
and the temperature is assumed to be constant.

Table 6.7: Boundary conditions for wellbore and production tubing

Flow path Boundary name | Boundary type
Production Inlet Closed node
Tubing
Outlet Pressure node, Pressure = 265 bar,

Temperature =115°C

Wellbore Inlet Closed node

Outlet Closed node

6.3 Simulated cases

Once all the parameters are set and the model is completed in OLGA/Rocx, a base case model
is made first on which sensitivity analysis is done for different rock and fluid properties of well
6608/10-D-2H of Norne oil field. The cases of parameters whose sensitivity analysis are done
are shown in Table 6.8. In the table base values of all the parameters are given and those
parameters are increased by 20% in case 1 and decreased by 20% in case 2 from its base value.

Table 6.8: Simulated cases for well 6608/10-D-2H

Parameters Base case values | Case 1 (+20%) | Case 2 (-20%)
Porosity 0.23 0.276 0.184
Viscosity 0.471107 cp 0.5653284 0.3768856
GOR 82 Sm*/Sm? 98.4 65.6
Oil density * 865 kg/m® 9515 778.5
Initial water 0.3 0.36 0.24
saturation
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Absolute 0.3mD 0.36 0.24
Permeability
Rock 0.0001 1/bar 0.00012 0.00008
compressibility
Permeability 0.257 0.309 0.206
anisotropy

*Qil density cases are changed by only 10% of its base value because increasing the value of
oil density by 20% of its base value, it becomes greater than 1 which is not possible for oil
because the density of oil is always lower than that of water.

There are two more parameters, relative permeability and capillary pressure, whose sensitivity
analysis are done but since their data is presented in Appendix E in the form of table which is
their base case, Case 1 (+20%) and Case 2(-20%) for both relative permeability and capillary
pressure are available in Appendix G.

51



7 Results and discussion

7 Results and discussion

In this chapter, the outcome of the simulations done in OLGA/Rocx for well 6608/10-D-2H is
decscribed in detail and also some discussions are made at the end for the sensitivity analysis
of the parameters.

7.1 Model base case

The base case of well 6608/10-D-2H is simulated in the first case in order to check the accuracy
of the near-well reservoir being modelled. In the base case of this model, all the fluid as well
as rock properties of the well are plotted for accumulated volume of oil and water and
volumetric flow rate of oil and water in y axis and time in x axis. These graphs give the idea of
the characteristics and behavior of the well and one can judge by these graphs that for the given
values of the rock and fluid parameters if the well is accurate. Figure 7.1 show the graphs
obtained by simulation of OLGA/Rocx model for 200 days.
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Figure 7.1: Accumulated volume and volumetric flow rate of oil and water for the base case
model of Norne oil field

This model of the base case is the basis of performing the sensitivity analysis to the rock and
fluid parameters so to verify the precision of graph is required. It can be done by the volumetric
flow rate result obtained from the graph where the value is almost 1150 m®d for oil and
according to NPD page data from [57] the actual volumetric flow rate of oil in the reservoir is
1250 m®/d. Therefore, the percentage error in the model is approximately 8% which is an
acceptable value. Another way of verification of model accuracy is by relative permeability
curve shown in Figure 4.3 from which it can be observed that initially the saturations of oil and
water are zero, but from the points where the water and oil saturations starts increasing in the
curve, the ratio of that value can be noted which is approximately 0.2. Similarly, in the base
model case the behavior of the graph is same with initial oil and water saturation is zero and
when they start rising and reaches its peak value the ratio of flow rates of water and oil yields
approximately 0.1 which is almost the same which again proves the model to be accurate. So,
the nature of the curve in Figure 7.1 shows expected behavior thus it can be implied that base
case model for Norne oil field is sound and can be used for sensitivity analysis.

52



7 Results and discussion

Further visualization of the reservoir model is being done using the Techplot software which
is shown in Figure 7.2. The figure shows the discretization of the mesh that was made for
smooth and gradual flow of reservoir fluids inside the reservoir.
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Figure 7.2: Reservoir fluid saturation distribution

using techplot

The figure shows the location of wellbore from YZ plane in first figure and in 3D plane in
second figure. Here, the well is in 10" position in Y axis and 4™ position in Z axis and the oil
saturation is gradual as the formation of cone like shape is seen in the figure. Moreover, the
figure also proves that the mesh setting for the well is good enough for the simulations to run.

7.2 Sensitivity analysis of rock and fluid parameters

After the validation of base case of the model, sensitivity analysis of the parameters mention
in sub chapter 6.3 is being done. This performed in the base case model where only one
parameter is changed keeping other values to be constant. The values are changed by increasing
and decreasing by 20% of the mean value of each parameters and the comparison is done to
see the results from the graphs obtained for accumulated volume and volumetric flow rate of
water.

7.2.1 Porosity

The accumulated volume and volumetric flow rate of oil and water for porosity sensitivity
analysis is shown in Figure 7.3.
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Figure 7.3: Sensitivity analysis of oil and water for porosity

In the figure, for 20% change in porosity value the effect of production after 200 days is not so
different than that of the mean value however for the case of water the change is small until
about 100 days and the value keeps increasing. For the increased value of porosity, oil
production is decreased (by small amount) while the production of water increases and vice
versa. Table 7.1 shows the values changes in the porosity for base case, 20% increased and
20% decreased porosity.

Table 7.1: Values of accumulated volume and volumetric flow rate of oil and water for porosity

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
[m] [m’] [m¥/d] [m¥/d]
Base case 141853.3 10837.4 722.1 29.9
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20% 141414.7 11681.4 719.2 36.4
increase

20% 142461.7 9707.8 727.5 22.2
decrease

7.2.2 Absolute permeability

The accumulated volume and volumetric flow rate of oil and water for absolute permeability
sensitivity analysis is shown in Figure 7.4. In the graph, for the increased value of absolute
permeability, the oil production increases while water production decreases. The change in
values after the sensitivity analysis is given in Table 7.2.

Table 7.2: Values of accumulated volume and volumetric flow rate of oil and water for
absolute permeability

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
[m3] [m3] [mS/d] [mS/d]
Base case 141853.3 10837.4 722.1 29.9
20% 151011.5 8995.5 772.4 16.8
increase
20% 130714.2 12086.3 661.6 40.6
decrease
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Figure 7.4: Sensitivity analysis of oil and water for absolute permeability

7.2.3 Oil density

Oil density is the only parameter in the sensitivity analysis which is changed by only 10% of
its mean value and it has already been discussed in subchapter 6.3 that because of the reason
that the density of oil can never be higher that the density of water only 10% value was
altered for the sensitivity analysis and the result is shown in Figure 7.5.
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Figure 7.5: Sensitivity analysis of oil and water for oil density
In the graph, it can be seen that when oil density is decreased, the accumulated volume and

volumetric flow rate of oil is increased and the case is same for water as well. The value change
by sensitivity analysis is presented in the Table 7.3
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Table 7.3: Values of accumulated volume and volumetric flow rate of oil and water for oil

density
Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
(m’] [m’] [m¥d] [m¥d]

Base case 141853.3 10837.4 722.1 29.9

10% 118210.7 9495.9 595.2 32.2
increase

10% 164687.4 11747.4 845.1 26.5
decrease

Here, observing the table, the volumetric flow rate of water behaves differently than the
accumulated volume of water. In accumulated volume of water the value decreases when
density is increased and vice versa while for volumetric flow rate of water the value is
decreased initially when density is increased but after about 160 days, but at the end of 200 the

value is higher compared to the value when oil density is decreased.

7.2.4 Rock compressibility

The effects of rock compressibility when changed from 0.0001 1/bar to 0.00008 and 0.00012
1/bar is shown in Figure 7.6. From the figure all the lines seems to coincide each other for both
oil and water. The percentage change is still 20%from its mean value but according the graphs

obtained, it appears to have no change in the output of neither oil nor in water production that

is being simulated for 200 days.

Base case
+20%
-20%

Accumulated oil volume [m3]

oil for rock

ibility
1.1E4

d water

for rock P ibility

1.0E4

9.0E3

o
°
m
w

7.0E3

6.0E3

5.0E3

4.0E3

Accumulated water volume [m3]
»
o
m
©

2.0E3

1.0E3

0.0E0

Base case
+20%
-20%

0 40

80 120
Time [d]

160 200 0

40 80

120 160 200

Time [d]

58



7 Results and discussion
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Figure 7.6: Sensitivity analysis of oil and water for rock compressibility

Since the graph clearly shows there is no change in the values of any of the parameter, it can
be said that 20% increased and decreased value is exactly as the base value.

7.2.5 Viscosity

The viscosity’s sensitivity analysis for the mean value of viscosity which is 0.471107 cP is
shown in Figure 7.7.
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Figure 7.7: Sensitivity analysis of oil and water for viscosity

The percentage change in oil production is smaller than the percentage change in water
production as visually seen in the graph. Also in this case, when viscosity is decreased the oil
production increases while water production increases and when viscosity is increased, oil
production decreases and water production is increased. The change in the values of oil and
water accumulated volume and volumetric flow rate is shown in Table 7.4.

Table 7.4: Values of accumulated volume and volumetric flow rate of oil and water for
viscosity

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
[m] [m’] [m*/d] [m¥/d]
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Base case 141853.3 10837.4 722.1 29.9
20% 1313925 13170.5 672.7 40.2
increase
20% 153776.4 7977.7 7775 17.5
decrease

7.2.6 Initial water saturation

The sensitivity analysis graph of initial water saturation whose mean value is 0.3 is shown in
Figure 7.8. The production of oil decreases when the saturation is increased but the case is just
opposite in case of water when the initial water saturation value is increased. The change in oil
production from its base case is higher as compared to the change in water produced at the end
of 200 days. The change in values of oil and water volume and flow rate is given in Table 7.5.

Table 7.5: Values of accumulated volume and volumetric flow rate of oil and water for initial
water saturation

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
[m3] [m3] [m3/d] [mS/d]

Base case 141853.3 10837.4 722.1 29.9

20% 112202.7 20625.1 600.9 62.2
increase

20% 166086.5 3052.6 821.6 5.49
decrease
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Figure 7.8: Sensitivity analysis of oil and water for initial water saturation
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7.2.7 GOR

Gas Oil Ratio (GOR) is the fluid property of the fluid whose value in Norne reservoir is 82
Sm®/Sm?3 and the sensitivity analysis performed in OLGA/Rocx is shown in Figure 7.9. The
graph represents an increase in the value of oil production and very slight increase in water
production when the value of GOR was increased. The change in values of the oil production
volume and flow rate is presented in Table 7.6.

Table 7.6: Values of accumulated volume and volumetric flow rate of oil and water for GOR

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
(m’] [m’] [m¥d] [m¥d]
Base case 141853.3 10837.4 722.1 29.9
20% 148255.7 11186.9 756.1 29.2
increase
20% 135385.2 10443.6 687.9 30.5
decrease
Accumulated water and oil volume for GOR Volumetric flow rate of oil and water for GOR
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Figure 7.9: Sensitivity analysis of oil and water for GOR

7.2.8 Relative permeability

The sensitivity analysis of relative permeability is shown in Figure 7.10 and the trend in the
graph of relative permeability is peculiar because when the value of relative permeability is
increased there is only slight increase in the production of oil volume as well as in flow rate
however, when the value of relative permeability is decreased, the production change is not
symmetrical and can be easily differentiated. The change in water production however remains
small for the change in relative permeability and it shows inverse relation for water when it is
increased or decreased. Table 7.7 shows the change of values after the analysis.
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Table 7.7: Values of accumulated volume and volumetric flow rate of oil and water for relative
permeability

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
3 3
[m ] [m ] [m3/d] [mS/d]
Base case 141853.3 10837.4 722.1 29.9
20% 150548.5 9094.4 769.5 17.4
increase
20% 115409.6 14572.9 585.2 50.9
decrease
Accumulated volume of oil and water for relative permeability Volumetric flow rate of oil and water for relative permeability
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Figure 7.10: Sensitivity analysis of oil and water for relative permeability

7.2.9 Capillary pressure

The capillary pressure sensitivity analysis is shown in Figure 7.11 for the production volume
and volumetric flow rate of oil and water. In the graph, it can be seen that the change in the
value of capillary pressure have least effects on water and oil production volume and
volumetric flow rate as well. From the figure it is difficult to determine whether the value of
production of water and oil increases or decreases with the change but from Table 7.8 shows
the change of value of data where it can be seen that with the increase in capillary pressure the
production of oil increases as well but production of water decreases.
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Figure 7.11: Sensitivity analysis of oil and water for capillary pressure

Table 7.8: Values of accumulated volume and volumetric flow rate of oil and water for capillary
pressure

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
(] [m’] [m¥d] [m¥d]

Base case 141853.3 10837.4 722.1 29.9

20% 142882.2 9505.5 725.2 24.3
increase

20% 141083.7 12065.4 721.4 35.3
decrease

7.2.10 Permeability anisotropy

The permeability anisotropy is one of the fluid parameters whose sensitivity analysis graph is
shown in Figure 7.12. In the figure, the production of oil volume increases, and the production
of water volume decreases with the increase of permeability anisotropy. The value changes
after sensitivity analysis are shown in Table 7.9.
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Figure 7.12: Sensitivity analysis of oil and water for permeability anisotropy

Table 7.9: Values of accumulated volume and volumetric flow rate of oil and water for
permeability anisotropy

Item Accumulated | Accumulated Volumetric Volumetric flow
oil volume | water volume | flow rate of oil rate of water
(m’] [m’] [m¥d] [m¥d]

Base case 141853.3 10837.4 722.1 29.9

20% 148085.5 9675.3 757.7 21.2
increase

20% 133934.9 11822.1 677.3 38.4
decrease

7.3 Comparison of results

Based on the sensitive analysis performed on the rock and fluid parameters of well 6608/10-
D-2H of Norne field, it is very difficult to compare them using the graphs because of several
parameters involved. However, on the basis of the production of oil and water from the
reservoir for both accumulated volume and volumetric flow rate, tornado chart is made for
clear understanding of which parameters is most sensitive during the analysis. It should be
noted that rock compressibility had no effect by doing the analysis so, this parameter is not
included in the chart.
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7.3.1 Comparison of oil production

Figure 7.13 shows the chart of all the rock and fluid parameters (except rock compressibility).
From the graph, the results are clearly represented by the sensitive parameters and arranged
from largely affected parameter to least affected parameter.

Production increase

Accumulated oil volume
Production decrease

Oil Density 1.6097 1.6667
Initial Water Saturation 0.8542 1.0451
Viscosity 0.4203 0.3687
Absolute Permeability 0.3926 03228
Relative permeability 0.9321 0.3065
Gas Oil Ratio (GOR) 0.2280 0.2257
Permeability Anisotropy 0.2791 0.2197
Capillary pressure 0.0271 0.0363
Porosity 0.0214 0.0155
-2 -1.5 -1 -0.5 0 0.5 1 15
Volumetric flow rate of oil Production increase
Production decrease
Oil Density 1.7024 17581
Initial Water Saturation 05888 0.8394
Absolute Permeability 04193 03477
Viscosity 03834 03421
relative permeability 0.9484 03281
Permeability Anisotropy 03106 0.2463
Gas Oil Ratio (GOR) 02371 02348
capllary pressure 0.0053 0.0209
Porosity 0.0368 0.0207
2 -15 -1 05 0 05 1 15

Figure 7.13: Comparison of various rock and fluid parameters for oil production sensitivity

analysis
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In the figure, the green blocks represent the percentage decrease in oil production while the
yellow blocks represent the oil production increase. Understanding the graph is easier because
the production of oil is represented so if observed oil density, initial water saturation, viscosity
and porosity, the positive axis represents 20% increase of values of parameters while negative
axis represents 20% decrease. So, for example in oil density, when the value is increased by
20% (in this case 10% for oil density) the production decreases and is sensitive by factor of
1.6667 and when the value is decreased, the production increases and is sensitive by factor of
1.6097. Similarly, absolute permeability, permeability anisotropy, GOR, relative permeability
and capillary pressure, when the value for sensitivity analysis is increased by 20%, the
production increases and decreases when the value is decreased.

From the figure, oil density is the most sensitive parameter among all other parameter, followed
by initial water saturation, viscosity, absolute and relative permeability, and it should be noted
that oil density was changed by only 10% of its mean value but still this parameter is the most
sensitive parameter of all. While porosity seems to have the least effect on it and rock
compressibility has no effect at all.

7.3.2 Comparison of water production

Figure 7.14 represents the chart obtained by the graphs of sensitivity analysis in previous
subchapters for water production in well. In this case as well, the parameters which are affected
the most and the least are arranged in order.

Production increase
Accumulated water volume
Production decrease

Initial Water Saturation 35916 45156
Oil Density 0.839%6 12378
Viscosity 13193 1.0764
Absolute Permeability 05762 0.8498
Relative permeability 1.7234 0.8042
capillary pressure 05665 06145
Permeability Anisotropy 04543 05362
Porosity 05212 03894
Gas Oil Ratio (GOR) 0.1817 0.1612
4 3 2 1 0 1 2 3 4 5
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Volumetric flow rate of water Broduction incosese

Production decrease

Initial Water Saturation 40839 53889
Absolute Permeability 17779 21872
Relative permeability 35039 2.0854
Viscosity 2.0657 17137
Permeability Anisotropy 14140 LA
Porosity 12889 1.0807
Caplllary pressure 0.9028 09427
Oil Density 11282 0.7578
Gas Oil Ratio (GOR) 0.0974 01155
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Figure 7.14: Comparison of various rock and fluid parameters for water production
sensitivity analysis

The process of analysis in case of water production is similar to that of the oil production but
we can see from the results that the parameters which are sensitive in case of water is different
to that of the oil. In case of water, the most affected parameter is found to be initial water
saturation followed by water density, viscosity, absolute and relative permeability while the
least affected parameter is GOR (rock compressibility in this case also has no change).

Parameters such as relative permeability, permeability anisotropy, capillary pressure and
absolute permeability has an increased production when the value of parameters are increased
while other parameters has increased production of water when the value is increased.

7.4 Discussion

In this chapter, the notable points from the development of model, simulation and results are
mentioned.

7.4.1 Model base case behavior

In the model development subchapter 7.1, when the model for well 6608/10-D-2H of Norne
oil field was completed, a graphical plot of accumulated oil volume and time was obtained. In
the graph the trend shows the oil production increase and water production increase. The reason
why this behavior is observed could be due to initial water saturation that comes into the
reservoir after some period of time. When water is produced, oil come near the well and the
saturation of oil near the well increases for initial water saturation before the water from aquifer
comes.
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7.4.2 Grid distribution and drainage width

In the early phase of sensitivity analysis, when the mesh sensitivity analysis was done for
drainage width and grid distributions, the width for drainage area was being selected. Basically,
there is variations in production output when these sizes of widths are varied but in the model
case of this thesis there seemed to have very less effect in the production of oil for different
width variation. Similarly, grid distribution has helped to determine the nature of the behavior
of the model because from the graph in Figure 6.6 it can be seen that improper grid size can
also lead to no water inside the reservoir. This is impossible because initial water saturation
value says that there is 30% water inside the reservoir. Having no water at all means that there
is 100% oil in reservoir and that is never the case in reality. But as the mesh size was increased
for z direction from 12 to 24, the nature of water curve in the graph started improving.

7.4.3 Pressure drawdown

Even though for this thesis the pressure drawdown was estimated and not calculated, initially
the value was set to 10 bar and in some of the results there was backflow seen in the graph
which is not possible for real cases. But when the value was increased to 12 bars, there seemed
to have no backflows. Moreover, estimating a proper pressure drawdown value also shows its
accuracy which is presented in the graph for good consistency of oil production of the well
6608/10-D-2H for Norne oil field.

7.4.4 Density

When the density initially was increased by 20% of its mean value, it resulted in density higher
than that of water so the result had a very high fluctuation in the oil production graph along
with some backflow which was logical because the density of oil can never be higher than the
density of water. So, the percentage increase had to be reduced in which increasing by 15%
was still close to the density of water and therefore 10% increase and decrease of oil density
was chosen that resulted to no fluctuation and backflow in reservoir and the oil production was
smooth.
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8 Conclusion

In this chapter, sensitivity analysis of oil production model to reservoir rock and fluid properties
using OLGA/Rocx is concluded where well 6608/10-D-2H of Norne oil field was chosen.

There are basically 3 tasks according to the task description and based on those task
descriptions, 10 major objectives of this thesis have been made. All of these tasks have been
completed.

The first task and the first objective of the thesis was literature study on sensitivity analysis and
rock and fluid properties of reservoir. Out of many sensitivity analysis methods, differential
analysis method was chosen. The principle of this method is to change one parameter keeping
all other parameters constant and evaluate the change if there are any. Similarly, rock and fluid
properties that are relevant to this thesis are all explained in detail. Based on the literature study,
it can be argued that all the rock and fluid parameters that are subjected to sensitivity analysis
are the building blocks to make a model base case of near-well reservoir but all of them are not
as sensitive to production output.

Similarly, study on horizontal wells were also done in the thesis where it was found that
because of higher contact surface area between fluid and pipe in horizontal wells, they are more
efficient to use rather than using a vertical well. Early water coning and water breakthrough
can happen in horizontal wells, but these issues can be reduced by using ICDs. Therefore,
horizontal wells with ICDs can increase the well productivity and moreover they can also
reduce the sand production due to lower pressure drop and fluid velocity in wellbore.

Based on model development cases, a base case model that describes the well its best is needed
and for the model to be made, proper knowledge of the rock and fluid properties of the reservoir
is required. It is also extremely important to understand the physical meaning of those
parameters and special care must be taken for the units since some of the units in OLGA/Rocx
are different than Sl units. Therefore, it can be concluded that, for model preparation of a
realistic well in OLGA/Rocx, the base model is the most important factor which determines
the accuracy of results. The distribution of grids is also of paramount importance because,
having a good distribution of block sizes of mesh can give us the idea of closeness of the model
made in OLGA/Rocx to the realistic model. This can be visualized in another software called
techplot where the mesh setting can be visualized. Grid distributions at the end was selected
for nx =8, ny = 19 and nz = 24 in x y and z directions respectively. However, the results can
be made even more better by increasing the number of grids in y and z direction but because
of limited time frame the simulation time had to be considered.

Model preparation being the first step of sensitivity analysis needed to be accurate hence it took
more time and study on it. And based on the sensitivity analysis performed the value of each
parameter was changed by +20% of its original value and simulated for 200 days. The results
are presented in the tornado chart. The chart illustrates the parameters that are most sensitive
to the value change to least sensitive ones. The most affected parameter in case of oil
production was found to be oil density with sensitivity coefficient 1.6097 but it must be noted
that the production does not increase the when the oil density is increased. Rather it decreases
but only increases when the value of oil density was decreased. Following oil density were
initial water saturation, viscosity, absolute and relative permeability. Observing the results
obtained from the sensitivity analysis, it is seen that fluid properties of Norne oil field were
more sensitive when compared to rock properties.
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8 Conclusion

On the other hand, in case of water production in the reservoir, with the same parameter input
changes, the results were evaluated. From the evaluation, there were some parameters that were
very sensitive to the change like initial water saturation has the sensitivity coefficient of 4.5156.
Following initial water saturation, were water density, viscosity absolute and relative
permeability.

One of the challenges faced during sensitivity analysis was setting a proper and accurate grid
size for the model base case and since the simulation time was very long, hit and trial method
for the accurate grid size distribution made it more tedious.

Originally, the goal of the thesis was to perform sensitivity analysis of either two different oil
fields or two differently located wells of same oil field. The sensitivity analysis performed in
only one field can be peculiar to only that field but comparing two or more oil fields can verify
the parameter’s sensitivity that could general sensitive parameters for all oil fields. But in the
given time frame only one oil field sensitivity analysis could be done.

Although for this thesis, the values of those parameters were kept constant but further studies
can be done whether the affecting parameters must be changed as well or not. For instance,
when doing the sensitivity analysis of porosity, the values effective porosity was changed by
+20%, equation 3.14, which is the equation to find permeability in z direction is also linked
with effective porosity in the equation. So, in the theory of differential analysis method no such
literature was mentioned for such parameters and future studies can be done for parameter link
analysis.

All the simulations that were done for this thesis was done considering the reservoir to be
homogenous but in actual practice the reservoir is heterogenous in nature. The parameters
involved in sensitivity analysis could behave differently when the reservoir is considered
heterogenous. Therefore, future works can be done for the same analysis in heterogenous
reservoir. Also, in this thesis ICD valves were used in the model of well 6608/10-D-2H but
research can be done for AICV with control valves that can show better results than ICD valves.
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Appendix A: Task description

University of
South-Eastern Norway

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

FMH606 Master's Thesis

Title: Sensitivity analysis of oil production models to reservoir rock and fluid properties
USN supervisor: Prof. Britt M. E. Moldestad and Ali Moradi

External partner: -

Task background:
According to DNV GL's Energy Transition Qutlook 2019, more than half of today's energy

consumption is supplied by oil and gas. Also, the world’s energy demand is increasing and it is

expected that 46% of the world’s energy supply will come from oil and gas in 2050 whereas
the share of wind and solar is only 24%. These data indicate that oil and gas will remain the
mast important source of energy for the foreseeable future and there is an urgent need to
increase oil and gas production to meet future energy demands.

Today, the Norwegian Continental Shelf (NC5) is one of the most technologically advanced
petroleumn regions in the world and Morway is in a very good position to supply petroleum to
the global market also in the future. 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 21st century) has developed a national
technology strategy for guiding research efforts in the petroleum technology. The main
strategic objective of 0G21 is to obtain efficient, secure, and environmentally friendly value
creation from the Norwegian oil and gas resources for several generations.

In ling with the OG21 strategy, there is a promising ongoing research project called Digiwell
idigital wells for optimal production and drainage) at USN. Also, Equinor and KDI are the
company partners, and SINTEF, UiO, ICL, and MIT are the research partners of USN in this
project. One of the main objectives of the project is to increase the efficiency and optimization
of il recovery with a special focus on digitalization. Achieving an optimized and successful
automatic production highly depends on the ability to monitor and control the well
performances. This requires a suitable dynamic model of oil field and production equipment
over the production lifetime. One of the main barriers to developing such dynamic models is
that generally, it is very difficult to observe and understand the dynamic of fluid in a porous
medium, describe the physical processes, and measure all the parameters that influence the
multiphase flow behavior inside a reservoir. Predicting how a reservoir will produce over time
and respond to different drive and displacement mechanisms consequently has a large degree
of uncertainty attached. Therefore, developing new knowledge and tools for modeling and
guantitative prediction of oil and gas field operation with uncertain information is of key
impaortance.
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In order to develop long-term oil production models under uncertainty, it is very important to
have a clear understanding of the sensitivity of such models to the input parameters. This
helps us to identify the most impactful parameters on the accuracy of the models and allows
us to limit the time for focusing on less important data. The sensitivity analysis assesses the
contribution of the uncertainty of each model input to the uncertainty of the model
outcomes and identifies the most important parameters of the system. The main goal of this
thesis is to do sensitivity analysis for investigation of the effect of uncertainty in each reservoir
parameters on the outputs of oil production models,

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

1. Literature study
+ Uncertainty quantification and sensitivity analysis
* Reservoir fluid and rock properties
2. Developing a model for simulation of primary oil production from an oil field in NCS
s (OLGA in combination with ROCX is a robust tool for this purpose but Eclipse can
also be used
3. Sensitivity analysis of the developed model to the reservoir parameters
o The sensitivity analysis should be done for porosity, relative permeability,
permeability anisotropy, heterogeneity, wettability, capillary pressure, initial
water saturation, initial solution gas-oil ratio, viscosity, ete.
4. If time, preparing a paper based on the results for the next SIMS conference is highly
appreciated

Student category: PT and EET students

The task is suitable for online students (not present at the campus]: Yes

Practical arrangements:
MNecessary software will be provided by USN.

Supervision:

As a general rule, the student is entitled to 15-20 hours of supervision. This includes necessary
time for the supervisor to prepare for supervision meetings (reading material to be discussed,
etc).

Signatures:

Supervisor (date and signature):  28.01.2021 /w4 ek

Student (write clearly in all capitalized letters): BIKASH SHARMA

Student (date and signature): 8;&.{1{;[ 01/23/2021
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Appendix B: Norne Blend data from Equinor AS

yf

equinor

Crude: NORNE BLEND 2020 08
Reference: NORNEBLEND202008

0 Appendices

Crude Summary Report

General Information

Molecules (% wt on crude)

Name:
Reference:
Traded Crude:
Origin:
Sample Date:
Assay Date:
Issue Date:
Comments:

NORNE BLEND 2020 08
NORNEBLEND202008
Norne

Norway

16 august 2020

23 november 2020

24 november 2020

methane + ethane
propane
isobutane
n-butane
isopentane
n-pentane
cyclopentane
Cg paraffins
Cg naphthenes
benzene

C; paraffins
C; naphthenes
toluene

0.03
0.15
0.10
0.27
0.27
0.35
0.05
0.91
1.01
0.37
1.13
1.88
1.54

Whole Crude Properties

Density @ 15°C (g/cc) 0.865
API Gravity 32.0
Total Sulphur (% wt) 0.23
Pour Point (°C) 15
Viscosity @ 20°C (cSt) 14
Viscosity @ 40°C (cSt) 6
Nickel (ppm) 1.3
Vanadium (ppm) 0.8
Total Nitrogen (ppm) 530
Total Acid Number (mgKOH/¢  0.19
Mercaptan Sulphur (ppm) 7
Hydrogen Sulphide (ppm) 0.0
Reid Vapour Pressure (psi) 4.1
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Appendix C: Formation pressure data of well 6608/10-3
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Appendix D: Absolute permeability data
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Appendix E: Relative permeability data

Data for water-oil relative permeability curves:
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Appendix F: Calculations procedures

1. Calculation of horizontal length of well:
We have from equation 5.5, the length of horizontal well can be calculated from,
Lmp = Ltvp + Lhorizontal + Lkickoff
= Lhorizontal = LMD - L1vD - Lkickoff

Here, the measured depth is 4174 m and total vertical depth is 2647 m. Liickott Can be calculated
as

Liickoff = Riickoft X %: 457.2 x % =582.125 m

In figure 2.4, it is discussed that if the inclination angle is between 2°-6 °/100 ft. then it is
long horizontal well which in this case is 5.5°. So, it is assumed that well 6608/10-D-2H of
Norne oil field has radius in kickoff section to be 1500 ft. which is 457.2 m.

Lhorizontal = 944.8 ~ 945 m.

2. Calculation of permeability anisotropy

To calculate the value of permeability anisotropy, equation 5.9 is given, so the value of k is
0.3 D obtained from Appendix D, and the value of ¢, is 0.27. Now from table 5.1,

__ hzone1.Vsnzone1tRzone2 Vshzone2tRzone3-Vsh,zones _ 35:0.31+46:0.15+55-0.14

Vsh,average a hzone1thzonezthzones 35+46+55 =0.187
(I)e - 0.20+0.§4+0.27 — 023

~ 2.0901 ~ 2.0901
k, =k, = 0.0718 x \/[@] = 0.0718 x \/[W = 0,268 k10

From equations 3.12 and 3.13,

k = 3lekyk, and k= /k.k,

=k =Vkik, = i/k,%, -0.268 - k%%

= 0.3% = k3%45-0.268

= ky= >**3/0.100 =0.469 D

= k, = 0.268 k%% = 0.268- 0.4691%% =0.121 D
So,

kn= ek, =JkZ (k= k,)

= kn =k, =k, =0.469D

Therefore, permeability anisotropy can be calculated by,
ky, _ 0121

a=—=——=0.257
KH  0.469
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3. Calculation of productivity index

Based on the reservoir rock and fluid properties, and comparing the Odeh’s model parameters
shown in Figure 3.10 with the geometry of the reservoir considered for developing the model
in this thesis shown in Figure 6.1, the Odeh’s model is used by considering the following
values:

a=270m=2885.8ft;b=992m=232545ft;c=136m=446.19 ft
dx=135m=4429ft;dy=0;dz=10m =328 ft

rw = 0.2286 m = 0.744 ft

B= VV— ~ 1.09918 ; u=1.107 cP

st

ky =k, =0.469 D =469 mD ; k, =0.121 D = 121mD

First the condition needs to be checked using equation 3.27,
b 1.33a 0.75h

— > —=>—
N> Jkz

b 3254.5 1.33a 1.33x885.8 0.75h 0.75%X446.1
= = = 2958 > = e = 1071 > 2 = S

Since the condition satisfies the equation, equations 3.28 and 3.32 are valid to use. So,
b:LW:>nyz:ny:0

=154

anddy = 0= y,, :%‘”:O:Px
o Sr = nyz+ Py + ny =0
From equation 3.32,

InCy = 6'2,18“\/’,% (g —fxy Z—) —In [sin “}‘f] —0.5n [ (%) \/’;:x] — 1.088

6.28:885.8 [121 (1  442.9  196160.41 . Tx32.8 8858\ [121
= InCy = — (= + — In|sin — 0.5In — |-
446.19 469 \3 885.8 784641.64 446.19 446.19 469

1.088
= InCy = -2.256260
= Cy = e~2256260 = (,104741

From the values of Cy and Sr productivity index of well 6608/10-D-2H can be obtained by
equation 3.26 suggested by Babu and Odeh as,

J= 7.08x1073xb.[kyk, _ 7.08x1073x3254.5v/121x469
~ Bu(In(CyVah/ry))—0.75+S,  1.09918x1.107(In(0.104741/885.8x3254.5/0.744))—0.75+0

= 928.16 stb/d/psi = 2140 m3/d/bar
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Appendix G: Relative permeability and capillary pressure + 20% table

Sw
0.000000
0.100000
0.150000
0.200000
0.250000
0.300000
0.350000
0.400000
0.450000
0.500000
0.550000
0.600000
0.650000
0.700000
0.750000
0.800000
0.850000
0.900000
0.950000
1.00000

5g
0.000000
0.100000
0.150000
0.200000
0.250000
0.300000
0.350000
0.400000
0.450000
0.500000
0.550000
0.600000
0.650000
0.700000
0.750000
0.800000
0.850000
0.900000
0.950000
1.00000

Krw
0.000000
0.00263000
0.00524000
0.00877000
0.0133800
0.0192700
0.0267200
0.0360800
0.0478100
0.0625000
0.0809000
0.103940
0.132770
0.168690
0.213020
0.266670
0.329180
0.397060
0.461030
0.500000

Krg
0.000000
0.00691300
0.0162130
0.0299900
0.0486550
0.0725730
0.102046
0.137287
0.178402
0.225368
0.278030
0.336093
0.399135
0.466631
0.538000
0.612665
0.690169
0.770395
0.854218
0.950000

Kro
1.00000
0.697460
0.557170
0.432860
0.327570
0.241770
0.174150
0.122370
0.0837400
0.0556500
0.0357200
0.0219900
0.0128400
0.00699000
0.00346000
0.00149000
0.000510000
0.000120000
0.00001

Kro

1.00000
0.633562
0.485506
0.364043
0.267589
0.192992
0.136554
0.0946710
0.0641510
0.0423240
0.0270350
0.0165860
0.00966200
0.00525400
0.00259700
0.00111700
0.000384000
0.000088
0.000007

Value +20%(Krw)

0
0.003156
0.006288
0.010524
0.016056
0.023124
0.032064
0.043296
0.057372

0.075
0.09708
0.124728
0.159324
0.202428
0.255624
0.320004
0.395016
0.476472
0.553236
0.6

Value +20%(Krg)

0.0082956
0.0194556
0.035988
0.058386
0.0870876
0.1224552
0.1647444
0.2140824
0.2704416
0.333636
0.4033116
0.478962
0.5599572
0.6456
0.735198
0.8282028
0.924474
1.0250616
1.14

Value -20% (Krw)

0
0.002104
0.004192
0.007016
0.010704
0.015416
0.021376
0.028864
0.038248

0.05
0.06472
0.083152
0.106216
0.134952
0.170416
0.213336
0.263344
0.317648
0.368824
0.4

Value -20% (Krg)

0.0055304
0.0129704
0.023992
0.038924
0.0580584
0.0816368
0.1098296
0.1427216
0.1802944
0.222424
0.2688744
0.319308
0.3733048
0.4304
0.490132
0.5521352
0.616316
0.6833744
0.76

kro (+20%)

0.836952
0.668604
0.519432
0.393084
0.290124
0.20898
0.146844
0.100488
0.06678
0.0428604
0.026388
0.015408
0.008388
0.004152
0.001788
0.000612
0.000144
0.000012
0

kro (+20%)

0.7602744
0.5826072
0.4368516
0.3211068
0.2315904
0.1638648
0.1136052
0.0769812
0.0507888
0.032442
0.0199032
0.0115944
0.0063048
0.0031164
0.0013404
0.0004608
0.0001056
0.0000084
0

kro (-20%)

0.557968
0.445736
0.346288
0.262056
0.193416
0.13932
0.097896
0.066992
0.04452
0.028576
0.017592
0.010272
0.005592
0.002768
0.001192
0.000408
0.000096
0.000008
0

kro (-20%)

0.5068496
0.3884048
0.2912344
0.2140712
0.1543936
0.1092432
0.0757368
0.0513208
0.0338592
0.021628
0.0132688
0.0077296
0.0042032
0.0020776
0.0008936
0.0003072
0.0000704
0.0000056
0
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0
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95

Capillary
Pressure

3.7563
1.233
0.91821
0.72451
0.59341
0.49811
0.42511
0.36691
0.31911
0.27881
0.24401
0.21951
0.18631
0.1e161
0.13901
0.11801
0.09831
0.07961
0.06161
0.04408

(+20%)

4.50756
1.4796
1.101852
0.869412
0.712092
0.597732
0.510132
0.440292
0.382932
0.334572
0.292812
0.263412
0.223572
0.193032
0.166812
0.141612
0.117972
0.095532
0.073932
0.0528596

(-20%)

3.00504
0.9864
0.734568
0.579608
0.474728
0.398488
0.340088
0.293528
0.255288
0.223048
0.195208
0.175608
0.149048
0.129288
0.111208
0.094408
0.078648
0.063688
0.049288
0.035264

0 Appendices

87



