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ABSTRACT

Extensive experimental and data mining techniques have been applied to
investigate the potential and competitiveness of gases used in immiscible gas
enhanced oil recovery (EOR) processes. Methane (CH4), Nitrogen (Nz), Air
(21%03/N2) and Carbon Dioxide (CO;) are some of the gases injected in
reservoirs to displace trapped oil from reservoir pores. The EOR screening
process has been well documented in the literature. However, for immiscible
gas EOR technology, very few resources are available for evaluating the
selection and performance criteria for commonly injected EOR gases;
immiscible EOR gases are usually lumped up in published screening models;
and the gases are reportedly selected based on availability and accessibility,
rather than on technical criteria, such as displacement efficiency.
Furthermore, available experimental studies have only investigated EOR
gases separately. This research has been able to fill these gaps and more

through rigorous data mining and gas experiments processes.

The methodology utilised empirical approaches set in three phases. Phase I
applied data mining techniques to 10,850 data from 484 EOR field projects
to identify twenty-four EOR geological and engineering quantities, and
objective functions. Phase II utilised Phase I outcomes to design and execute
a set of rigorous gas experiments, involving 1,920 experimental runs
comprising five reservoir analogous core samples, eight gases, eight isobars,
and six isotherms, to generate and analyse 15,360 experimental data points.
Several established and modified constitutive equations were used to model
gas responses to EOR geological and engineering quantities. In Phase III,
Phase I and Phase II results were coupled for the purpose of knowledge

validation and application.

This research's outcomes have contributed to reservoir engineering practice
and knowledge in providing useful information on EOR gases'
competitiveness. Results from Phase I indicates that immiscible gas EOR can
be unbundled through data mining and clustering techniques. A novel

Screening Model has been developed for immiscible gas EOR that



incorporates sensitivity and criticality markers for each petrophysical quantity
investigated. It has been demonstrated in Phase II that in a heterogeneous
system, CH4 is the most competitive gas for ten geological and engineering
quantities and objective functions, such as Volumetric Rate, Interstitial
Velocity, and Well Density. Similarly, CO, is most competitive for ten other
quantities investigated, such as Mobility and Interstitial Momentum. N; is the
most competitive for the cost of injected gas per area coverage. Air is second-
best for several objective functions. Suffice to state that at some structural
settings and operational conditions, such as porosity, pore size, surface area,
and temperature, the competitiveness ranking of the gases switches position.
Such was observed between N; and CO; in low porosity (4% and 3%) core
samples. EOR gas mixtures and non EOR gases, such as 20% CHai/N, He,
and Ar, were added to the experiments to investigate the relationship
between gas flow and gas properties. It was observed that the structural
variability (heterogeneity) of the system distorts the correlation between gas
properties, such as molecular weight, and the performance criteria of the
respective gases. The results from Phase I and II couple significantly in Phase
ITI. Based on well number and placement, it has been demonstrated that the
well placement of CHs4, CO., and Air favours a negative pore size gradient,
while N favours a positive gradient. The economic analysis demonstrates
that CO; incurs the least cumulative injectant cost and the highest capital
expenditure cost (CAPAX). The three Phases validate the field and laboratory
well density profile. CHs4 requires the least well density (0.2 well/acre, 1.0
well/cm?) compared to CO; (0.7 well/acre, 2.0 well/cm?). In some analyses,
it was discovered that gas mixture, such as 20%CH4/N;, performs better than
when the individual component gas acted alone. Single-phase and two-phase
relationships have been analytically and experimentally coupled. The
experimental findings at low pressure could also lend utility to the gas

separation, fluidised bed, and catalytic reaction processes and industry.

Key Words: Enhanced Oil Recovery, EOR Screening, Mobility ratio,
Permeability, Well Density, Pore Gradient CO;, N,, CHa4, Air, Capillary Number,

Gas Experiment, Porous Media.
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Chapter One

1 INTRODUCTION

1.1 Overview

Most oilfields are ageing, and the primary and secondary recovery methods
used to produce them leave about 70% of the oil originally in place (OOIP)
trapped in reservoir pores across the world (Babadagli 2020, IEA 2014,
Sivasankar and Kumar 2017, and Vladimir and Eduardo 2010). Enhanced Oil
Recovery (EOR) technologies offer established techniques to recover some of
this trapped oil in reservoirs (Gbadamosi 2018). EOR is any tertiary reservoir
engineering mechanism and method applied to recover trapped oil. According
to Babadagli (2020) and Li (2011), there are over 50,000 active oilfields
worldwide. Therefore, there would be a continued utility for EOR in the oil
industry as long as oil remains the primary global energy source. However,
there are more than four EOR technologies, and over ten EOR processes to
choose from as depicted in Table 1-1. Consequently, the first step to applying
EOR technology is to evaluate and identify the EOR process that is technically
and economically applicable and competitive for the reservoir of interest.
These steps involve a series of rigorous activities that are together referred

to as EOR screening and selection.
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Table 1-1 Showing major EOR technologies and some of the recovery processes.

Technology Method

Gas Injection
Gas

(Miscible/Immiscible)

Thermal Heat Injection
Chemical Chemical Injection
Microbial EOR Microbial Injection

Processes/Variants
Carbon Dioxide, CO2
Hydrocarbon gas, e.g., CH4
Nitrogen, N2
Air
Cyclic Steam Injection,
Steam Flooding,
Steam-Assisted Gravity Drainage
Polymer Flooding
Alkali
Surfactant
Alkali-Surfactant-Polymer (ASP)

Microbes

According to the study of Babadagli (2020), Lee (2010), and Rotondi et al.
(2015), the event phases in EOR implementation can be described as shown

in Figure 1-1. It takes about three to eight years to implement an EOR
project, and the screening phase takes about 15% of that time. It is evident

in Figure 1-1 that the phases are sequential. Without the screening phase, it

is impracticable to proceed to the subsequent phases (Delamaide et al.,

2014a, 2014b, and Wilson 2015).
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Year 1 Year 283 Year 4 Year 5 Year 6-8

Phase & Simulation

EOR Project Phases

Figure 1-1 The main Phases in EOR project development (reproduced from Rotondi et al.
2015).

The figure also implies that an unreliable screening phase could significantly
impact the subsequent development phases adversely, thereby causing loss
of time, money and leading to project failures in some cases (Delamaide et
al., 2014a, Delamaide et al., 2014b, Lee 2010, and Wilson 2015).
Consequently, a suitable selection or screening process should reliably and
critically evaluate important factors, such as oilfield conditions, parameters,
and properties against known technologies and processes. This would result
in a significantly reduced implementation cost, time, and technological

complexity.

Current screening and selection methods suggested by authors, such as
Guerillot (1988), Surguchev and Li (2000), Saleh et al. (2014), Nageh et al.
(2015) Kang et al., (2014) Taber et al. (1997), and Trujillo et al. (2010) have
been observed to only consider limited subsurface conditions of oilfields at
the screening phase. These methods have often led to integration problems
with other surface conditions and EOR development phases, thereby leading
to project failures and lack of EOR confidence (Delamaide et al., 2014a,
Delamaide et al., 2014b, Lee 2010, and Wilson 2015). Consequently, some
experts have called for a more integrated approach to EOR screening and
application (Al-Mayan et al. 2016, Ghoodjani and Bolouri 2015, and Kang et
al., 2014). Furthermore, it would be considered best practice if technology
users had a holistic overview of the technological and operational implications
of the respective EOR alternatives at the earliest possible time in the EOR

project design.

It has also been noted by several authors that without EOR, brownfields that

are being farmed out to indigenous operators in countries, such as the United
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States, Nigeria, Trinidad, and Tobago would not be economically viable to the
local operators (DPR 2014, George 2014, and Sinanan and Budri 2010).
Therefore, the prospective users of an integrated EOR screening model
proposed in this research would include brownfield operators, marginal field
operators, and small and medium scale operators. This research was set to
treat the first two essential phases in Figure 1-1, which comprise the activities
in the first three years, that is, the EOR Screening and Laboratory analyses

phases.

1.2 Gas EOR

Gas EOR is an established technology that involves injecting gas into the
reservoir for an areal sweep and displacement of trapped oil droplets in the
reservoir pores and towards production wells. Gases such as Carbon Dioxide,
CO, Hydrocarbon gas, CHs, Nitrogen, N2, and Air, 70%N,/0;, have been
reportedly injected in these processes (Abunumah, Ogunlude, and Gobina
2021a, 2021b, 2021c, Dellinger, Patton and Holbrook 1984, and Godec et al.
2011). These types of displacement processes have been applied across the
world in oilfields, such as the Permian Basin in Texas and New Mexico,
Williston Basin in North and South Dakota, the North Sea continental shelf in
Europe, Daqing oil fields, and Zhong Yuan oilfields in China (Alvarado and
Manrique, 2010, Jia et al. 2012, Gui et al. 2010, Hoffman 2012, and Yu et al.
2008,). In gas EOR technology, gas is injected to displace trapped oil through
two primary mechanisms, miscible and immiscible mechanisms (Marcel

1980). Highlights of various Gas EOR processes are mentioned below.

1.2.1 CO2-EOR

This process involves injecting CO; into the reservoir to enhance oil recovery
(Alvarado and Manrique 2010a, 2010b). The common displacement
configurations are miscible and immiscible CO; injection (Bank, Riestenberg
and Koperna 2007, Dellinger, Patton and Holbrook 1984, Meyer 2007, and
Sweatman, Crookshank and Edman 2011). In immiscible CO,, a direct

displacement takes place between the gas or gas slug and oil droplets. Bank,
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Riestenberg and Koperna (2007) indicated that immiscible displacement
occurs when there is insufficient pressure from the injected gas to cause
miscibility between CO; and reservoir oil or where the reservoir composition
is less favourable (such as heavy oil). This research has identified 236 CO;
EOR projects published in journals papers. The majority of these projects are
located in the United States. The other locations include China, Trinidad and
Tobago, Turkey, and Norway. Of the 236 CO; projects identified, 21 of them

are implemented as immiscible gas EOR.

Alvarado and Manrique (2010) have extensively reported on CO; gas EOR
projects. Generally, this EOR process is most suitable for light API gravity oil.
One of the main challenges in implementing CO, EOR is the guarantee of CO;
supply. Where there are CO; generations, such as China, but no existing
supporting infrastructures, such as a CO; pipeline grid, the gas would have
to be conveyed to the field by other means such as tankers and marine
barges. This could present technical and economic challenges to the
operators. This could significantly account for China's oil industry's inability
to harness CO., EOR, even though China produces the highest CO, (10
gigatons) in the world (IEA 2020). Natural sources of CO; have been reported
close to oil play in the United States (NPC 2011). The natural availability of
CO. makes project development more economically viable than oilfields
elsewhere, where CO, can only be obtained from anthropogenic sources.
Examples of the latter are Canadian Weyburn and Midale fields. Here, CO; is
transported 205 miles via pipelines from Great Plain Synfuels Plant, North
Dakota (Kokal and Al-Kaabi 2010, and NPC 2011).

Furthermore, CO; contact with connate water forms a weak acid, as shown in

the chemical reaction equation:
CO2 + H20 — H2COs

This reaction (H2COs3) product is a weak but corrosive acid that could cause
corrosion problems to the facility, well management, and maintenance. These
issues can be overcome by using corrosion-resistant materials. For new

reservoirs, corrosion resistance can be easily implemented in the planning
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and installation stages. However, for old fields with already installed facilities,
this can be a daunting task that attracts material replacement costs and
potential operational shutdown of some reservoir sections. Nevertheless, the
past 58 years have seen the growing development of CO, gas EOR worldwide
(Sweatman, Crookshank and Edman 2011), prompting David and Robert
(1996) and Godec et al. (2011) to regard CO; injection as one of the most

promising gas EOR processes.

Furthermore, CO. provides an environmental solution to the problem of
greenhouse gases through carbon capture and sequestration (CCS).
Anthropogenic CO; can be used to replace displaced oil droplets in reservoir
pores at a rate of 20-50% (Lorsong 2013, Neele et al., 2014, Saini 2019, and
Zhang et al., 2020). CCS is capable of mitigating greenhouse CO, by 14%
(IEA 2013).

1.2.2 Hydrocarbon EOR

Hydrocarbon EOR is associated with hydrocarbon gas (usually natural gas,
CHa) injection into a reservoir to enhance oil recovery. Gbadamosi (2018) has
reported some hydrocarbon gas projects in the North Sea. In most cases, the
gases are forced to form miscible fluid when in contact with reservoir oil.
However, there are also immiscible hydrocarbon gas EOR where the gas does
not enter a miscible phase with the oil. According to David and Robert (1996),
the performance of hydrocarbon EOR is related to the injected pore volume

of the gas. This can range from 5 to 20% pore volume.

Most hydrocarbon EOR projects are in the United States. Some other locations
include Canada, Brazil, China, Norway, and the United Kingdom. Of the 61
projects investigated in journals, 14 of them are implemented as immiscible
hydrocarbon gas EOR. Taber et al. (1999) have outlined the screening criteria
for hydrocarbon gas EOR selection. However, the criteria provided by these

authors fell short of screening for immiscible hydrocarbon gas EOR.

Furthermore, hydrocarbon gas EOR can be used to re-store produced and

unneeded natural gas in a reservoir for future use; this can reduce gas flaring,
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which is an environmental hazard, significantly in some climes. Therefore,
places with high gas flaring problems, such as Nigeria and Russia, should be
suitable for hydrocarbon gas EOR. This action would give economic value to
the supposed flared gas. Alvarado and Manrique (2010) and NPC (2011)
highlighted this further in Alaska, where the option to inject hydrocarbon is
driven by the lack of a gas pipeline to convey the gas to markets in Canada
and the United States.

1.2.3 Nitrogen EOR

Nitrogen (N2) EOR is the injection of Nitrogen gas into a reservoir to displace
the trapped oil. Nitrogen was identified as the third most implemented gas in
immiscible gas EOR. The projects spread across fields in the United States,
Trinidad and Tobago, Canada, and Brazil. Forty-one N, EOR projects were
reported by authors, such as Alvarado and Manrique (2010) and Clancy et al.
(1985). Twenty-four of these projects are immiscible gas EOR
implementation. An advantage of N, over CO, and CHs is injectant availability.
Nitrogen as an injection gas has been explored due to its high compressible
nature, inert chemical properties, and relatively low generation cost,
considering that one of the main raw materials is atmospheric Air. Thus, the

N> gas injected can be generated on-site from Air.

1.2.4 Air EOR

The application of Air EOR is not yet as popular as the other immiscible gas
EOR processes according to the number of reports in published journals.
Thirty projects were identified in the database. Findings in journals and texts
indicate that the majority of such projects are located in China. Rodriguez
and Christopher (2004), Surguchev (2009), and Surguchev, Koundin, and
Yannimaras (1999) have extensively investigated Air EOR. Alvarado and
Manrique (2010) stated that there is an increasing prospect for Air injection.
One of the advantages of Air EOR is the availability of injectant. The
mechanism of Air EOR is a bit different from the other gas mechanism, in that

part of the process involves oxidation reaction that produces flue gas that in
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turn contributes to the drive and oil recovery (Fink 2015, Ezekiel et al., 2014,
Surguchev 2009, Jia and Sheng 2017, Rodriguez and Christopher 2004, and
Surguchev, Koundin and Yannimaras 1999). Understandably, the presence of
oxygen in Air makes this EOR method susceptible to corrosion and explosion.
Chen, Song and Zhang (2012) and Jia, Yin and Ma (2018) reported improved
recovery from Air EOR. Although, Jia, Yin, and Ma (2018) have noticed and
cautioned on the hazard of oxygen breakthrough at the production well during
their reservoir simulation of Air injection. They were able to experiment with
the displacement efficiency of low-oxygen Air as a function of permeability.
The result shows that as the injection pore volume increases, so does the
displacement efficiency in the different permeabilities sampled. It further
confirms that the recovery efficiency is a function of the injection rate. This
information contributes to the engineering framework for the optimisation of

immiscible gas EOR in this research.

1.3 State of the art EOR Screening Methods

1.3.1 EOR Screening Criteria

One of the main aims of reservoir engineering is to identify which EOR
technology can produce the most oil after primary and secondary oil
recoveries have become ineffective. One of the technologies screened for in
the industry is Gas EOR. As previously stated, CO;, CH4, N2, and Air are the
leading gases injected in gas EOR technology.

However, different gases may exhibit certain flow regimes that could improve
or inhibit their EOR potential and efficiency. Abunumah, Ogunlude, and
Gobina (2021) stated that understanding the pressure, volume, temperature
(PVT) flow behaviour of gases with respect to EOR technology would enable
engineers to quickly relate flow regimes of each gas to its oil displacement
potential, hence its competitiveness, given a set of reservoir conditions or

constraints.

8| Page



Some approaches could be used to evaluate gas applicability and
competitiveness. They include numerical, analytical, and experimental
methods (Chen 2007). Authors, such as Guerillot (1988), Kang et al. (2014),
Mahdavi and Zebarjad (2018), Nageh et al. (2015), Surguchev and Li (2000),
Taber et al. (1997), Trujillo et al. (2010), and Saleh et al. (2014) have used
various types of numerical methods to evaluate and develop screening criteria

for selecting suitable EOR processes and injectants for reservoirs of interest.

Taber et al. (1997) EOR Screening model is the most applied and cited EOR
criteria in the industry. Their model is based on statistical analysis using data
from successful EOR projects to create analogues for screening new EOR
projects. Before Taber et al. (1997), Guerillot (1988) had developed a
screening software called SARAH (Systeme d' Aide en Recuperation Assisree
d'Hydrocarbures). He used Expert System and Fuzzy Logic on reservoir data
to build an EOR screening model. Similarly, Surguchev and Li (2000) applied
Artificial Neural Networks (ANN) on EOR data to produce a set of criteria for
EOR screening. On the other hand, Trujillo et al. (2010) used analogies and
benchmarking to develop a model for EOR Screening. Other authors who have
developed EOR screening models in a similar vein include Nageh et al. (2015),
Kang et al. (2014), and Saleh et al. (2014).

Furthermore, Zhuravljov and Lanetc (2019) have used numerical simulation
to study CO,, CH4, and N,. However, they focused their evaluation on the
effect of gas compressibility and incompressibility on oil displacement
performances in immiscible gas EOR. Yin and Ma (2018) did an Air EOR
experiment that suggests that low-oxygen Air injection can improve oil
recovery in high permeability than low permeability reservoirs. Their results
contrast those of Buckley and Leverett (1942), Muggeridge et al. (2014), and
Thomas (2001), which reported that injectant permeability is inversely
proportional to the favourable mobility ratio that is required to improve oil

recovery.

Some other authors have carried out experimental investigations based on

the potential of gas EOR performance. Such authors include Dellinger and
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Holbrook (1984), Gui et al. (2010), Jia et al. (2012), Khodaei Booran et al.
(2016), Li and Horne (2001a), and Masalmeh et al. (2011). However, their
studies were conducted on a single or two gases basis (usually CH4 or COy),
thereby missing the opportunity to compare the broad spectrum of EOR gases
and the effects of the gas properties, such as viscosity and molecular weight,
and reservoir parameters, such as pore size and heterogeneity (permeability

contrast) on the respective gas performance.

1.3.2 EOR Screening Software:

Existing screening software implement authored EOR screening model to rank
EOR technology according to their suitability to the reservoir of interest. Table
1-2 is a compilation of software used for EOR Screening based on a literature

survey carried out in this study.

Some software are found to implement the screening model developed by
Taber, Martin, and Seright in 1997. For example, EORGui (the most cited EOR
screening software in petroleum journals) and Screening 2.0 both used Taber
et al. (1997) screening criteria. El Ela and Sayyouh (2014) had categorised
Egyptian oilfields into various EOR methods using EORGui. One of the benefits
of this software is that it is concise and offers quick screening for reservoirs.

Nevertheless, it also lumps up immiscible gas EOR.
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Table 1-2 Shows state of the art EOR screening software and the EOR criteria implemented.

Screening

Software

SWORD

EORgui

SelectEOR
(PRIze)

Screening
2.0

Expert
System

Expert
analytical
system

Expert

system

Promoting

Company

IRIS

Petroleum

Solutions

Alberta
Research

Centre

I.C.P.

ECOPETROL

Cairo University

TatNIPIneft

King Saud

University

11

17

19

>10

Used

Criteria

Database

Taber,
Martin,
and
Seright

Database
and

authors

Lewin,
Farouq,
Taber

Database

Database

Database

Graphical Authors Citing

User

Interface

Yes Surguchev et al.
2010

Yes Trujillo et al,

2010, Shuker
Talib et al. 2012,
and Sinanan and
Budri 2010

Yes Alvarado et al.
2002, Sinanan
and Budri 2010,
and Trujillo et al.
2010

- Truijillo et al.,
2010

- Shindy et al.,
1997, Gharbi,
2000, and Abbas
and Song 2011

- Ibatullin et al.,
2002

- Shokir et al.,
2002

There are about nine subsurface properties in existing screening models.

Nevertheless, some reservoir properties that have been identified as critical

in recent EOR studies and field experience, such as reservoir salinity that
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causes scaling in some EOR projects, are not included in these models. There

is also the absence of porosity and pore size in the criteria.

Furthermore, in the screening model of Taber et al. (1997) and the GuiEOR
software, the criteria for immiscible gas EOR processes are lumped up as
'immiscible EOR’. While miscible gas EOR processes are segregated and
treated as individual processes with the corresponding criteria. The lumped-
up representation of immiscible gas EOR wrongly suggests that the screening
requirements and the displacement performance of the various gases injected
in immiscible gas EOR are all the same. This is quite misleading and a

recognisable shortfall in existing screening models.

Furthermore, experimental assessment of the screening process for
immiscible EOR gases has not been extensively investigated in light of
essential engineering quantities, such as momentum, kinetic energy, and well
density. Although there are many studies on gas flow in porous media
(Castricum et al., 2015, Robinson et al., 2004, Ogunlude, Abunumah and
Gobina 2020, Huang et al., 2019, Wu et al., 2020, and Jia 2018). However,
many of these studies are not discussed in the context of EOR. The ones that

did focus on EOR considered only a limited number of quantities.

1.4 Short Fall of Current EOR Screening methods and
Studies

A review of EOR articles and journals reveal some shortfalls in existing EOR

screening models, as highlighted below:

I. Models are passive and static.

I1. Little or no emphasis on immiscible gas EOR processes.

III. The limited scope of operational parameters, such as the non-inclusion
of well density.

IV. They are not optimised for the life cycle events in EOR projects.

V. Lack of objective functions for evaluating EOR performances and

competitiveness.
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VI. They have not been extensively validated experimentally.
VII. Available experimental works are limited to very few engineering

quantities.

Examples of the limitation of existing EOR screening have been reported by
Delamaide et al. (2014a) and Thornton, Hassan, and Eubank (1996). The Qil
and Gas Journal 2014 EOR survey database reported that eleven projects had
been evaluated as discouraging, while eight EOR projects are planned to be
discontinued. These failures could be, among other odds, the consequence of
the selection and application of ineffective EOR process implementation in
these reservoirs (Lee 2010, Delamaide et al., 2014a, 2014b, and Wilson
2015).

1.5 Rationale for Study

It has been more than two decades since the popular Taber et al. (1997) EOR
screening criteria were developed. Over these years, there have been
engineering and operational evolutions in EOR applications that requires
investigation and coupling with existing criteria. There have been reported
failures and successes that have impacted EOR decision-making that could
be traced to EOR selection (Lee 2010). Few authors, such as Saleh et al.
(2014) and Siena (2016), have attempted to update the Taber screening
criteria model to reflect contemporary EOR developments. Saleh et al. (2014)
criteria model expanded the API gravity range for some EOR processes.
However, as Delamaide et al. (2014a) stated, these authors are still used to
approaching screening criteria through the legacy guide of Taber et al.
(1997). Thereby repeating some of the Taber model's limitations, such as the
omission of porosity, pore sizes, salinity, and the bundling of immiscible gas
EOR mentioned previously. Consequently, a revisit to EOR screening criteria
should not only update the data for setting EOR criteria but should also seek

to:

I. Identify mission-critical parameters in the life of EOR projects that

investigators have not hitherto considered.
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II. Identify and retire, where necessary, parameters that have lost their
functionality or have become redundant due to the current technological
evolution of engineering processes.

ITI.  Unbundle the screening criteria for immiscible gas EOR such that the
respective gas performances can be evaluated, compared, and contrasted
using data mining and experimental methods.

IV. Ultimately develop a screening model based on the five-event phases
earlier identified in Figure 1-1 as necessary for optimising EOR projects, with

emphasis on the experimental laboratory phase.

These updates would require significant resources to achieve with respect to
data processing, fund, workforce, simulation, field, and Ilaboratory
experiments. Therefore, this research has elected to focus on the most

unattended EOR screening sector, which is the immiscible Gas EOR.

1.6 Aims and objectives

1.6.1 Aim:

Evaluate the selection criteria and competitiveness of gases that are injected
during immiscible gas EOR projects using data mining and experimental

approaches.

1.6.2Objective:

The aim of this research was aptly achieved through the following set

objectives:

1. Identify geological and engineering quantities and objective functions
critical for characterising and selecting EOR processes through data
mining techniques.

2. Design and conduct pressure, volume, and temperature (PVT) gas
experiments based on quantities and functions identified in objective

one.
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3. Determine the potential performance and competitiveness of the
respective immiscible EOR gases through experimental data analyses.
4. Propose optimisation solutions for selecting gases in EOR projects based

on the coupling and validation of experimental and data mining results.

1.7 Scope of Research

Although this research has generally investigated common EOR technologies
in the industry, the focus was centred on immiscible gas EOR. Therefore, the
experiments carried out were concerned with immiscible gas EOR. An
empirical analogy was drawn between gas EOR and other EOR technology
where practicable. Nevertheless, no experiments were carried out for these
other EOR technologies, such as Thermal and Chemical EOR. The data used
are from global oilfields deposited in industry journals and from gas flow
experiments conducted at the Centre for Process Integration and Membrane
Technology, Aberdeen. There may be other EOR projects that were not
captured in the database used for this study. The report did not consider EOR
application in unconventional oil fields like shale oil, although some core
petrophysical properties investigated here have similar qualities as those

found in shale oil reservoirs.

1.8 Structure of Research

The rest of this research contains the objectives and methods used to develop
a robust screening model for immiscible gas EOR. It also contains a rigorous
investigation of existing screening models and EOR quantities. It ended with
a series of results and discussions from extensive analyses of field data from
global EOR projects and laboratory experiments. The research has been

structured according to the following subject matter:
S/N Structure Achievement
I. Chapter One Overview of EOR State of the Art, Research Gap,

Aim and Objectives.
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IT1.

I1I.

IV.

VI.

VII.

/I11.

IX.

Chapter Two

Chapter Three

Chapter Four

Chapter Five

Chapter Six

Chapter Seven

Chapter Eight

Chapter Nine

Theoretical and analytical review, and

characterisation of EOR enabling factors.

Design and defence of Research Methodology:
Phases I, II, and III.

Phase I: Design of procedure for Data mining and
characterisation of EOR process screening and

performance factors.

Results, analyses and discussions of identified
critical EOR process screening and performance

factors.

Phase 1II: Design of procedure for the
experimental evaluation of select EOR screening

and performance factors.

Results, analyses and discussions of gas screening

and performance factors.

Phase III: Coupling of Phase I and II results for

competitive evaluation.

Conclusions and Recommendations.

At the end of the research, the first two phases involved in a typical EOR

project were completed, as shown in Figure 1-2.
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Year 1l Year 283 Year 4 Year 5 Year 6-8

EOR Project Phases

Screening
Phase

Research Phase |

Screening Laboratory Analyses
Phase & Simulation
Research Research
Phase | Phase Il & 111

Figure 1-2 Showing the tasks in the three phases of the research, designed to reveal and
complete the first two phases of an EOR project.
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Chapter Two

2 LITERATURE REVIEW

2.1 Overview

A thorough investigation of over 500 relevant journals, reports and texts
related to EOR technology has been conducted. Simple dimensional and
dimensionless quantities are applied in the industry to relate EOR production
response to injected fluids. In the review of relevant literature materials,
essential geological and engineering factors involved in the proper
engineering of successful EOR processes were identified and documented.
The aim was to gather industry understanding of the relationship between
the oil recovery determining factors, such as petrophysical parameters and
properties, and their selective coupling to enhance recovery of trapped oil.
The preceding paragraphs detailed various geological and engineering
theories that govern the relationship among EOR factors, and between EOR
factors and oil recovery. Simple mathematical equations have been used to
express and understand these engineering theories and relationships. A set
of combinatorial quantities have been suggested and tested in the course of
the research. Additional efforts were made to identify industry requirements
for a robust EOR screening model that would optimise activities and events

involved in the life cycle of EOR applications and projects.

2.2 Fluid Flow through Porous Media

For oil, like many other fluids, to flow from point A to point B of a porous
media, certain flow governing rules centred around the full spectrum of
continuum mechanics must be satisfied. Once these rules are understood, it
becomes easier to adjust them in unfavourable conditions to fit individual

cases and circumstances. The main focus of EOR is to improve oil recovery
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on a microscopic or pore scale (displacement efficiency) and macroscopic
scale (sweep efficiency) typically through the agency of other fluids such as
gas. The most used governing theories for characterising fluid (liquid and gas)
flow through porous media are derived from constitutive equations and
engineering principles which are in turn hedged on thermodynamic laws,
equations of state such Boyle’s and Charles’s laws, conservation laws such as
conservation of momentum, mass-energy, process laws and principles laws
such as Darcy's, Material Balance, Hagen-Poiseuille, Buckley-Leverett's,
Welge's, and Fick's laws and principles. These laws, theories and principles
are also appropriately designed to characterise immiscible flows. Hence, they
very well lend themselves to the investigation of immiscible gas EOR in this
research. The mechanisms for immiscible flow include slug displacement. In
this work gas and oil are the fluids of interest. Figure 2-1a shows an oil-wet
capillary with trapped oil. Gas is injected as a slug to displace the oil (Figure
2-1b). The displacement process is considered immiscible and piston-like.
Furthermore, a clear-cut boundary is considered to exist between the gas and

oil at the point of contact.

Capillary tube

!

Direction of flow

e, a4 «[ Gas Slug
i (b)

Figure 2-1 Capillary system (a) containing trapped oil and (b) gas-oil displacement by slug

flow with a displaced oil front visible.

The study of this type of displacement is necessary to evaluate the
competitiveness of the EOR injectants. An extensive journal review of
authors, such as Thomas (2001), Warner and Holstein (2007), Yu et al.
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(2011) and Muggeridge et al. (2014), reveals common factors held by the oil
industry as affecting microscopic and macroscopic gas/oil recovery efficiency
of immiscible gas EOR processes. These are (1) initial saturation conditions,
(2) fluid viscosity ratios, (3) relative permeability ratios, (4) mobility ratios,
(5) formation dip, (6) capillary and gravitational forces, (7) interstitial
velocity, (8) other factors include diffusion, permeability, density difference,
rate of injection, permeability contrast and the cross-section open to flow.
This research extensively explored some of these factors as reliable criteria
to evaluate immiscible EOR gases' respective performances. In this study, the
relative ability of each EOR gas to meet the optimisation requirement of these

factors is considered a measure of their respective competitiveness.

2.3 Characterisation of EOR Quantities

Reservoir characterisation is a well developed concept in reservoir study.
Geological and engineering quantities, such as porosity and mobility, are
often used to characterise and group reservoirs (Abunumah, Ogunlude, and
Gobina 2021a, Curtis et al., 2002, Desbarats and Dimitrakopoulos, 1990).
The process generates valuable information that universally appeals to
engineers' understanding of reservoir behaviour, recovery approach and
analogues. According to Civan (2015), Aminzadeh and Dasgupta (2013),
Slatt (2013a, 2013b), Yu et al. (2011), Buynevich et al. (2009), Fanchi
(2002), and Schatzinger (1999), a robust characterisation process should
integrate geological and engineering data to provide both qualitative and
quantitative measures of reservoir description (behaviour) and production

(performance).

Consequently, to set the research in an industry-inclined path, a
characterisation process was conducted, and the outcome was further utilised
to design an experimental process. Reservoir and EOR information were
ingeniously grouped into two reservoir and performance factors. The
reservoir factors include rock parameters and fluid properties. These have
significant utility because they remain practically constant for chemically
similar hydrocarbons (Robert 2007, Curtis et al., 2002). Therefore, they
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facilitate the characterisation of reservoirs and the setting of universal criteria

or benchmarks for EOR screening, selection and applicability.

In contrast, the performance factors are objective functions applied to
optimise and compare the relative potential of the respective EOR processes.
The significant difference between the two groups is that the former describes
the reservoirs' intrinsic petrophysical characteristics, such as permeability
and viscosity. While the latter are usually combinatorial concepts, such as
mobility and momentum, that describe the engineering characteristics for
evaluating EOR processes prospects and potential performances. Also,
combinatorial quantities enable investigators to study individual EOR process
competitiveness from a multi-mechanism coupling. Authors have generally
not considered these functions as a useful characterising concept except for
Miuller-Petke and Yaramanci (2015), who considered transmissibility as an
important characterisation quantity. These reservoir quantities and concepts
have been described in the following sub-sections strictly in the context of
gas EOR technology. Furthermore, several engineering principles, such as
first principles and continuum mechanics, were applied to measure quantities'
values directly or analytically through equations of state in their explicit forms
or modified forms. All these processes are presented in the subsequent

sections.

2.3.1 Reservoir Parameters and Fluid Properties:

These are geological, often structural parameters and engineering quantities
that industry experts consider as factors that inform the selection and
applicability of EOR processes.

2.3.1.1 Porosity

The porosity in reservoir rock is the space or pores available in the rock matrix
(Lim and Kim 2004, Klobes and Munro 2006). It could be referred to as the
volume or void fraction of the reservoir rock (Kennedy 2015, Cone and Kersey
1992). It is a scalar quantity, usually represented by ¢ (phi). Geologically, it

measures a rock's storage and transport capacity (Sheng et al., 2020).
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Mathematically, it is expressed in Eq. 2-1 as the ratio of pore volume, V,, to

the total rock (matrix) volume V: (Klobes and Munro 2006):

Vp
0 =7 2-1

According to Rick and Diana (1993) and Satter and Igbal (2016), this ratio is
usually less than 1 or 100%. The rule porosity adds to oil recovery is its
capacity to hold or store fluid and, at the same time, act as a passage or
conduit for moving fluids, oil, water, and gas (Sheng 2020). Factors that
determine the type, quality, and extent of porosity, such as rock types, depth,
grain size, pore size, and throat diameter, have been well documented in
detail by Henry and David (1993), Hartmann and Beaumont (1999), and
Philip (1994). Several methods are available for determining the porosity of
a reservoir or porous media. These methods include Boyle’s law, Scanning
Electron Microscope (SEM), density differential, and Archimedes principles. In
this work, the density differential and Archimedes method were applied to
estimate the analogous core samples' porosity, as suggested in Cone and
Kersey (1992) and Kennedy (2015).

Figure 2-2 shows three different types of pore sizes identified in Cone and
Kersey (1992) and Hartmann and Beaumont (1999). Although they are
packed in the same cubic dimension, their grain sizes, hence the number of
pores and pore sizes, are different. This type of matrix could lead to different
porosities. The concept of pore size gradient A can be applied to Figure 2-2

with respect to flow direction.

The pore size gradient is given as (Rabbani et al. 2018):

1= (rol—ri) 2.2
Where:

r.and riare the radii of the pores at the outflow and inflow side, in cm.

| is the length of the contrast, in the direction of flow, in cm.
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A can assume values of zero, positive and negative numbers. For the sample
stack of pore sizes in Figure 2-2, where flow is from top to bottom, the pore
size gradient is calculated as a negative gradient ([2nm-200nm]/3x107] =-
66x1077). Rabbani et al. (2018) and Ko et al. (2018) experimentally
demonstrated that the pore size gradient significantly influences gas
diffusion, viscous fingering and recovery efficiency of a displacement process.
The authors favoured a negative pore size gradient over a positive one in
managing viscous fingering. It is speculated that the pore gradient could
provide useful information for EOR well humber, type, and placement. This
research, therefore, investigated gas EOR performance using a pore gradient

system.

M\ ———1—* grains
S ——1————» Pores

~|—» Macropores,

e.g., 200nm

———»
3cm Mesopores

e.g., 15nm

——1 —» Micropores,

e.g., 2nm

Figure 2-2 Schematic of 3 equal layers of different pore sizes.

At discovery, fluids in reservoir pores try to maintain some forms of dynamic
equilibrium with each other's surface and with the surface of the rock material
in which they are contained through certain governing rules, such as
pressure, surface tension and wettability. These dynamics determine which
phase or fluid would be preferentially or selectively allowed to flow through
the pores the most when production starts. Although Ohen and (2015),
Skerlec (1999), Beaumont et al. (1999), Kersey (1992) and Schowalter
(1979) highlighted that pore geometry is essential for fluid flow because it
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affects permeability, capillary, displacement and buoyance pressure.
Nevertheless, many authors have not included it in their EOR screening
criteria (Alvarado and Manrique 2010a, 2010b, Bachu 2016, Brashear and
Kuuskraa 1978, Goodlett et al. 1986, Karovi¢-Marici¢, Lekovi¢, Danilovic¢
2014, Kuuskraa and Godec 1987, Taber et al. 1997, and Zerafat et al. 2011).
For authors that included this parameter, some stated that it is not a critical
criterion. Thus, the importance attached to porosity as a parameter for
predicting EOR performances varied from author to author (Guerillot 1988,
Surguchev and Li 2000, Trujillo et al. 2010, Saleh et al. 2014, Kang et al.
2014 and Nageh et al. 2015, Gbadamosi 2018). In this study, the field data
underwent a characterisation analysis to determine whether EOR reservoirs
are discriminated by porosity profile and whether porosity is a reliable or
critical parameter for EOR screening and process selection. It also
investigated the relationship between porosity and other petrophysical
parameters within the scope of EOR operations. In the experimental analysis,
the pore sizes were investigated to determine comparative potential
performances of the respective gases injected during immiscible gas EOR and
how the results compare to the data mining analyses. Furthermore, porosity
and pore size gradient profilings were carried out for the respective EOR

gases.
Data Acquisition

The porosities were collated from EOR field data published in journals, texts
and reports. Where reservoir porosity values are not available, established
structural correlations such as permeability-porosity correlations were used

to estimate values for porosity.

In the experimental phase, the Archimedes principle and the density
differential ratio methods were used to estimate analogous core samples'

porosity.
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2.3.1.2 Permeability

Permeability is the rock property that qualifies and quantifies a rock's ability
and performance to allow flow or flowability (Merlet et al., 2020, Ohen and
Kersey 1992 and Morton-Thompson, and Woods 1993, and Hartmann,
Beaumont and Coalson 2000). While porosity reflects fluid storage and flow,
permeability reflects flow (Ayan et al., 1994). In a multiphase system,
common in reservoirs, where water, oil, and gas are together in the pore
space, flowability is not the same for all components (Breit 1993). There is a
preferential flow regime for each phase referred to as the effective and
relative permeability of each fluid. The phases' relative permeability is an

essential factor in EOR evaluation (Muggeridge et al., 2014).

The bulk permeability of porous media to a fluid is obtainable through
different routes. These include experimental, analytical and pseud-empirical
routes. The most common method of estimating permeability is by the Darcy
equation. Darcy (1856) experimentally determined that permeability, K, of
fluid flow between two points in a porous media is proportional to flow rate,
Q , and viscosity, u, of the fluid and the apparent length, [, travelled by the
fluid; and inversely related to the fluid entering area, 4, and the diminishing
pressure difference, AP, across the travelled length between the two points.

The theory is represented in Eq. 2-3 (Atangana 2018):

_ —KAAP 2-3

u 1l
Collecting Eqg. 2-3 with respect to K transforms the equation to:
—Qu
AP
A(T)

The factor, ATP, represent the pressure gradient for the pair of the pressure

K= 2-4

and porous media apparent length (Prada and Civan 1999, and Tiab and
Donaldson 2015). The negative sign indicates the pressure diminishes

towards the direction of flow.
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Some authors have derived correlations between permeability and other
petrophysical quantities so that when those quantities are available,
permeability can be estimated (Moura and Toralles 2019, Nelson, Batzle, and
Fanchi 2006, Buryakovsky, Chilingar and Aminzadeh 2001 and Nagel and
Byerley 1992). Models based on the Kozeny-Carman equation, grain size,
mineralogical factors, capillary pressure, surface area, and water saturation
exist for this purpose (Nelson, Batzle, and Fanchi 2006). Analytical operations
on the Darcy and Hagen-Poiseuille equations also lead to a reduced form of
the Kozeny-Carman equation for estimating permeability from porosity,
capillary pore radius, r. as in Eq. 2-5 (Buryakovsky 2001 and Tiab and
Donaldson 2015):

r2=— 2-5

Reservoir rock permeability ranges from 0.1mD to 10,000mD (Gluyas and
Swarbrick 2004 and Glover 2000). The quality of reservoir rock permeability

can be classified thus:

Fair, < 10mD

High, 10 - 100mD

Very high, 100 - 1,000mD
Exceptional, >1,000mD

Authors such as Guerillot (1988), Taber et al. (1997), Surguchev and Li
(2000), Trujillo et al. (2010), Saleh et al. (2014), Nageh et al. (2015) and
Kang et al. (2014), have consistently promoted permeability as an essential
reservoir parameter for EOR process screening and selection. In this study,
permeability has been extensively examined both in data mining of field data
and experimental data procedures. The investigation was carried out on
permeability as a stand-alone variable for enhanced oil recovery and also as

a function of combinatorial quantities such as mobility.

How permeability affects recovery depends on the fluid and porous media
characteristics being treated. Wang et al. (2019b) indicate that permeability

could be influenced by pore size. From the relative permeability curve and
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the Darcy equation (Ahmed 2018, Wheaton 2016, and Ahmed 2010a), it is
demonstrated that increasing permeability increases oil recovery, that is,
where oil is the fluid of interest. However, if the displacing fluid (e.g., gas) is
the fluid of interest, then the relative mobility ratio and the Buckley-Leverett
equation suggest that low permeability is most desirable (Ahmed and Meehan
2012, Donaldson, and Alam 2008, Fanchi 2010a, 2010b, Fanchi 2002b, Lyons
2010, Satter and Igbal 2016, Sheng 2011 and Richard 2007). Yu and
Sepehrnoori (2018) found CO; EOR to perform better at lower permeability
reservoirs (0.001mD) than higher permeability ones (0.1mD). Amirkhani,
Harami and Asghari (2020) experimentally demonstrated that CO, has a
higher permeability than CHs and N,. This study is more interested in
understanding the displacing fluid (gas) permeability profiles while using the
displaced fluid (oil) as a coupling fluid. Consequently, the EOR reservoirs were
characterised through a data mining procedure to investigate whether the
respective gas EOR processes are discriminated by permeability. Where that
is the case, then EOR gas permeability experiments are consequently
designed and conducted for the gases to evaluate their competitive potential
and to test the quality of the experimental results coupling with the data

mining results.
Data Acquisition

The bulk permeability values for reservoirs were obtained from field data that
were provided in journals and industry reports. Where permeability is not
available in the records, established -correlational equations between
permeability and other petrophysical quantities, such as saturation and
porosity, were used to obtain permeability. A typical example of such

correlation is Eq. 2-5.

For the EOR gas experiments, Eq. 2-3 was used to obtain the bulk
permeability of the gases.
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2.3.1.3 Areal extent

Investigators have not extensively studied the EOR characterisation of
reservoir areal extent and the possible effect on EOR process screening,
selection, applicability and potential. The areal geometry of reservoir
perimeter is usually described as circular, and sometimes rectangular.
However, wellbores are strictly circular. A well placed at the centre of a
reservoir would enforce a radial flow between the boundaries of the wellbore
and the circular or rectangular reservoir perimeters. The radial flow between
these boundaries can be described by an effective flow radius. Thus, the areal
extent of a reservoir, by the nature of the radial flow, can be reduced to a

radial extent.

The existing screening models reviewed indicate no author has included areal
or radial extent it as a relevant screening parameter. Authors may have found
no reliable correlation between EOR applicability and the areal extent;
therefore, they did not include it in their EOR screening models. This study
found the need to revisit the areal extent, especially considering that Hagen-
Poiseuille and Darcy's laws for radial flow have an element of the areal extent.
The function of the radial extent is often discussed in the context of the
pressure gradient. The pressure gradient is demonstrably correlated with
volume rate and permeability (Boukadi et al. 1998, Ding et al. 2014, Hao et
al. 2008, Prada and Civan 1999, Song et al., 2010, Wang et al. 2021, and
Wei et al., 2009). Furthermore, permeability is an important parameter in all
authored screening criteria (Taber et al. 1997, Guerillot 198, Surguchev and
Li 2000, Trujillo et al. 2010, Saleh et al. 2014, Nageh et al. 2015 and Kang
et al. 2014). It is, therefore, expected that areal or radial extent could have
its unique impact on EOR process selection and performances, including other

EOR activities such as infill well drilling and spacing.

In reservoir terms, the radial thickness can be defined as half of the difference
between the outer reservoir boundaries and the well bore's inner diameter
(Davim 2012). Consequently, the fluid flow profile is usually represented as
a radial flow instead of the typical Darcy linear flow. Therefore, the travelled

length, [, in the linear Darcy equation (Eq. 2-3) is substituted with a radial
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extent parameter, In(ri/r2), thatis, the natural log ratio of the reservoir radius
(r:) and internal wellbore radius (r2), assuming a single well reservoir.
According to Kuuskraa (1982), the In(ri/r2) is relatively a vital denominator.
It is stated that, in theory and practice, increasing r> by a factor of 200 would
effectively increase fluid flow by two to four-fold, thereby making this factor
relevant for consideration in well density evaluation. Consequently, the radial
thickness parameter was considered in the data mining and experimental

design for this study.
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Data Acquisition

Values for the radial extent or flow radius, r; for EOR fields is derived from
the reported reservoir area, A;, by applying the simple geometry equation

(Weisstein 1999). The subscript, i can be a reservoir or wellbore.

ri = —_— 2'6

Where the reservoir area is not supplied or absent in the global EOR data set,
the r; is subsequently estimated from Darcy and Hagen-Poiseuille equation

using other available petrophysical data.

For the gas experiments, the radial extent of the core samples can be

measured accurately using a calliper.

2.3.1.4 Pay Zone or Reservoir Thickness

The reservoir pay zone is a quantitative measure of the vertical extent or
thickness of a reservoir. Like the areal extent, the pay zone thickness also
describes useful gradients such as pressure, temperature and vertical
permeability gradients. It offers utility in several state equations that describe
reservoirs, such as the Darcy and Hagen-Poiseuille equations. It also couples
with other engineering quantities such as transmissibility to facilitate
knowledge in reservoir fluid transmitting capacity. Ran et al. (2019) and Wu
and Liu (2019) mentioned that oil reserve and recovery are sensitive to pay
zone thickness. Ado (2020) mentioned that when Air was injected at a
constant rate into three reservoir models with different pay zone thicknesses
(24m, 16m, and 8m), oil recovery was slightly affected by the thickness. Wu
and Liu (2019) showed a more dramatic and positive influence of thickness
on fluid flow. However, their study was for steam EOR process. Existing EOR
screening models included this geological parameter as a criterion for
selecting EOR processes (Alvarado and Manrique 2010a, 2010b, Bachu 2016,
Brashear and Kuuskraa 1978, Goodlett et al. 1986, Karovi¢-Marici¢, Lekovi,
Danilovi¢ 2014, Kuuskraa and Godec 1987, Taber et al. 1997, and Zerafat et
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al. 2011). Considering the reservoir simulation study of Ado (2020) and Wu
and Liu (2019) on reservoir thickness and its persistence in equations of fluid
dynamic and screening models, the reservoir thickness is intuitively expected
to be a potentially reliable factor for the gas EOR process characterisation,
selection, and performance. Therefore, coupling data mining of field and

experimental data is expected to reveal some uncharted information.
Data Acquisition

Reservoir pay zone values were obtained from global EOR field data. Where
it was not provided in the EOR database, a combined analytical method
involving the Kantzas, Bryan, and Taheri (2012), Wu (2005), Poiseuille
(1940), the Kozeny-Carman and Darcy (1856) equations were used to derive
an apparent pay zone or vertical thickness, h, with respect to permeability,
K, as:

h = 2v2K 2-7

The analytical operation that derived Eq 2-13 was not necessary for the
experiments since the vertical thickness, h, of the analogous core samples is

directly measurable by a metre rule.

2.3.1.5 Capillary, Displacement and Buoyancy Pressures

These engineering quantities describe the pressure relationship between the
phases in a multiphase porous network system and their gas-oil displacement
performance. Fluid permeation through pores can only occur when there is
sufficient pressure to overcome surface energy differences (Robinson et al.,
2004). Kennedy (2015) and Skerlec (1999) submitted that capillary pressure
curves describe how much non-wetting fluid can be forced into a plug or pore
by an externally applied pressure. Kantzas, Bryan, and Taheri (2012) further
stated that permeability depends on the type of gas, applied pressure, and
media. It is further deduced that each gas would form a continuum, similar
to a liquid filament, in the connected matrix at different minimum pressure.
For a two-phase system (water or gas and oil), capillary pressure, P. can be

represented as (Germic et al., 1997):
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P.=P,—P 2-8
Where:
P. = Capillary pressure
P, = the pressure oil exerts on the surface,
Pi = the pressure the displacing fluid (water or gas) exerts on the surface.

Another type of pressure encountered is fluid displacement in the porous
networks is the displacement pressure, Pys. This is the minimum pressure
required by a fluid to enter a pore network and form a continuous fluid
filament (Skerlec, 1999). Displacement pressure (in, dynes/cm?) and the
capillary pressure theoretically share the same formula, and both can be
written with respect to the surface tension between the two immiscible fluids
using the Young-Laplace equation in Eq. 2-9 (Vavra, Kaldi, and Sneider
1992). However, the study deduced that the displacement pressure
magnitude needs to be just about sufficient to overcome the capillary

pressure for gas-oil displacement to happen.

Pc — Po _ Pi — 20cos6 — Pd 2-9

T

Where:

r = is the effective radius of the interface or the pore's radius,

o = the surface tension,

and cosB = is the wetting angle of the liquid on the surface of the capillary.

In an immiscible system, the buoyancy pressure quantifies the tendency for
a displacing fluid to float or rise when it enters a porous network with existing
wetting fluid (Skerlec 1999, Beaumont et al., 1999, Chowalter, 1979, and
Germic et al.,1997). Lucia (2007), Ruikang et al. (2010), Skerlec (1999), and
Hubbert (1953) indicated that the reservoir fluid potential, which is a measure

of the capacity for fluids to migrate from one point to another, can be reduced
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to a buoyancy factor. According to these authors, the buoyancy pressure, P,
is a function of the density differential between the pore’s original fluid p,,
the displacing fluid p, and the height, h, of the less dense fluid column as

shown in Eq. 2-10
Py = (po _pg)gho 2-10

Therefore, based on the works of previous authors (Skerlec 1999, Beaumont
et al. 1999, Chowalter, 1979, Germic et al. 1997, Lucia 2007, Ruikang et al.
2010, Skerlec 1999, and Hubbert 1953), for gas to displace oil through the
contribution of a buoyancy mechanism in a porous network, the buoyancy
pressure's driving force has to overcome the capillary forces between the
existing fluids and the displacing fluid. This leads to the deduction in Eq. 2-11.

20c0s0 20c0s0 2(oco0s0),+(ocosh)
Py = (By = Bgho > (27) + (22 )g> g

T

" 2-11
On a microscopic level, with a single capillary, it is understood from these
equations that the capillary, displacement, and buoyancy pressures are
inversely proportional to the pore radius. In contrast, only the buoyancy
pressure is proportional to the oil column's height in the pore of radius, r,
such that h,is analogically approximated to 2r. Eq 2-10 is a theoretical
supposition that gas EOR displacement performance can be stacked according
to the displacing fluid densities. This could amount to a hasty conclusion since
there are other forces and mechanisms involved in fluid migration and
displacement at the microscopic level. The capillary pressure function is a
critical parameter for fluid flow and displacement mechanism because it
relates a vital fluid property, surface energy, with the rock property, pore size
(Vavra, Kaldi and Sneider 1992). The relationship between capillary pressure,
displacement efficiency, saturation, injected pore volume and PVT properties,
such as density, has been well documented by several authors (Hugill, and
Van Welsenes 1986, Fanchi 2007, McCaughan 2012, McCaughan, Iglauer and
Bresme 2013, Vega and Kovscek 2010, and Nielsen, Bourg and Sposito,
2012). Vega and Kovscek (2010), Espinoza and Santamarina (2010), and

Tunio et al. (2011) suggested that the interfacial interaction between rock
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surfaces, the immiscible oil and gas determines enhanced oil recovery

efficiency.

Investigators have used statistical, experimental, analytical, and numerical
simulation methods to investigate surface tension in two-phase flow. Some
of these investigations involve PVT analysis of the fluid properties. Fanchi
(2007) compared different correlations used for estimating surface tension.
Nielsen, Bourg and Sposito (2012) and Firoozabadi and Ramey (1988)
critiqued different methods for estimating surface tension and proposed a
modified method. Based on the number of citations in journals, commonly
applied correlations are Ramey (1973) Weinaug and Katz (1943) Robert
(2007), Beggs (1987), and Macleod-Sudgen equations in Eq. 2-12, which
relates surface tension, o,,, to the respective oil and gas Parochor
parameters, Pch, and Pchg, oil and gas densities, p, andp,, the mean molecular
weight of the oil and gas mixture in the oil phase, MWW, ,, the mean molecular
weight of the oil and gas mixture in the gas phase, MW,,, the mole fractions
of the oil and gas in the oil phase x,, and y,, and the mole fractions of the oil

and gas in the gas phase, Xq, and yq.

0091/4 = Pch, Po x Py yo] — Pch Vg 2-12

_ Po Pg
MW, % MW, g

MW,y 9~ MW,
Pch, and Pch, are the characteristic Parachor parameters developed by
Sugden (1924), p, and p, are the oil and gas density, respectively. They are
used to estimate surface tension (Van Krevelen and Te Nijenhuis, 2009).

Some of the fluids identified in reservoir fluids and EOR gases and their

Parachors have been listed in Table 2-1.
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Table 2-1 The Parachors for pure substances encountered in EOR processes (Weinaug and
Katz, 1943 and Adewumi 2009)

S/N Component Parachor Component Parachor
1. CO; 78 nCs 189.9
2. N 41 iCs 225
3. G 77 nCs 231.5
4. C 108 nCs 271
5. G 150.3 nC; 312.5
6. iC4 181.5 nCs 351.5

Robert (2007), Whitson and Brulé (2000), Weinaug and Katz (1943), and
Adewumi (2009) have suggested equations for estimating the Parachor of oil,
Pch,, and gas, Pch,, which reproduces outcomes similar to the graphical
solution previously published by Ramey (1973). Eq. 2-13 and 2-14 are found
to be the most portable ones, and they relate the Parachor of oil to their API

gravity and molecular weights of oil, MW ,, and gas MW, (Robert 2007).
Pch, =(2.376 + 0.0102API°)MW , 2-13

Pchy, =(25.2 + 2.86MW ;) 2-14

Eq 2-13 and 2-14 can be applied to estimate the Parachor of other substances

and mixtures not shown in Table 2-1, such as Air.
For an oil gas system, combining Eq. 2-9 and 2-12 yields:
Pg

4
Po _ _ Po _ Pg

2<Pcho [MWngO MWgoyo] Pchy [MWogxg MWgoygD cos6 2-15

T

P. =
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The theoretical implication of Eq. 2-12, 2-13, 2-14, and 2-15 is significant

because:

I. It physically relates surface tension to fluid properties that can be
quantitatively and explicitly determined during PVT analysis.

II. It creates a theoretical basis for the analogues between single-phase
and multi-phase systems through intrinsic and intensive properties,
such as molecular weight and density.

ITI. It offers both analytical and theoretical basis for coupling molecular
weight and density with effective saturation, hence the relative

permeability and displacement efficiency of an injectant or EOR gas.

Therefore, for a comparative gas investigation, such as the one presented in
this research, the qualitative and quantitative implication of injection pressure
could be considered independent of the flow model (i.e., single or two-phase).
This suggests that the pressure effect in a single-phase model would be a
multiple factor of its effect in a two-phase model. Some authors have
validated this relation (Fanchi 2007), although some have also criticised its

accuracy in principle (Nielsen, Bourg, and Sposito, 2012).

With the preceding equations, it could be deduced that for a comparative two-
phases study involving different displacing injectants (CHa4, N2, Air and CO.)
but one displaced fluid (oil) in a capillary system, the comparative single-
phase analysis of the gases in the capillary system could be considered, in
principle, to approximate the two-phase analysis of the gases (Abou-Kassem,
Islam, and Farouq Ali 2020). Yu-shu and Karsten (1996) had earlier stated
that single-phase systems could be considered a special case of a two-phase
system. Abou-Kassem, Islam, and Farouq Ali (2020) stated that the
volumetric and viscosity properties of water and gas in a multiphase system
are no different from those in a single-phase. It is therefore not uncommon
to find single-phase imposition on complex reservoir characterisation. For
example, given a hypothetical oil-wet capillary system, saturated with oil of
molecular weight, MW, and density, p,, when a second fluid is injected into

the capillary such that an immiscible isothermal flow with negligible
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compositional effect is achieved, the MW, and p, of the oil would remain
relatively constant throughout the flow process. Therefore, the injected fluid
can form a surface tension inertia with the in-situ oil. EQ.2-18 suggests that
for any other non-wetting fluid (gas) imposed into the capillary, the oil's
surface tension should respond to the invading fluid based on the molecular
weight and density of the invading fluids. Considering the dimensions of
surface tension (force/unit area), this could further be stretched to imply that
the capillary in-situ oil responds to the invading gases' momentum (Adewumi
2009). Suppose this is correct, as it should by virtue of the theories above, it
can therefore be suggested that the potential performance of the respective
EOR gases injected in an immiscible two-phase flow system, involving oil and
gas, can be significantly characterised and compared based on their individual
physical property’s behaviour to PVT events in the capillary or porous media.
Several other theoretical bases for using single-phase and two-phase analogy
have been provided in the experimental phase to validate this work's single-

phase model.

Capillary pressure and surface tension have not been included in the
screening criteria for EOR selection by authors. In this research, capillary
pressure was considered in the data mining and experimental approaches. By
the nature of Eq. 2-16, the desirable conditions for the reservoir oil are low
capillary pressure and high surface tension. Similarly, the optimisation goals
for the gas are low capillary pressure and high surface tension. Consequently,
the reservoir and gas that meet these optimisation conditions would be

considered the most competitive.
Data Acquisition

Mercury invasion experiments can acquire pressure types, such as capillary
pressure, from reservoir core samples. However, when such data are not
supplied, an analytical method such as Eq. 2-12, 2-13 2-14, and 2-15 can be
coupled to estimate the reservoir system's surface tension and capillary
pressure for an idealised two-phase immiscible and piston-like displacement

of oil by gas, g55—immisc @s in Eq. 2-16 and Eq. 2-17. The conditions are that
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there is negligible or no oil fraction dissolved in the displacing gas phase
(front), and there is negligible or no dissolved displacing gas in the oil phase

at the boundary of contact, suggestive of a negligible compositional effect.

4
P P
Oog—immisc = (Pcho [ﬁ — Pchy ﬁ]) 2-16
0 9
p Py 1\
Lo _| _ g
. Z(Pcho [MWO] Pchy [MWgD cos6 2-17
C =

For the EOR gases, the surface tension was acquired using Eq. 2-17. The oil
component in the equation is hypothetically assumed to be negligible or zero
since the gas is only in phase with the media’s saturation. This assumption
has been validly used for mercury capillary pressure measurements. The
displacement pressure was considered equivalent to capillary pressure by
way of Eg. 2-9, and it was experimentally determined for each gas. The
displacement pressure was obtained by extrapolating the experimental
pressure data backward to the pressure point where the exit gas flow rate is
just about approaching zero. The capillary pressure of EOR reservoirs and the
displacement pressure data were then used to characterised reservoir oil and
EOR gases, respectively. The buoyancy pressure in Eq. 2-10 contrast the
densities of oil and the displacing gas; therefore, it was used to couple gas-

oil displacement potential for the respective EOR gases.

2.3.1.6 Capillary Number

The capillary number is a dimensionless quantity that is extremely critical for
recovering trapped oil (Ahmed and Meehan, 2012). Muggeridge et al. (2014)
identified the capillary number as the factor that influences microscopic
displacement efficiency. Eq. 2-18 is a mathematical representation of
capillary number, N, as a function of interstitial velocity, v, viscosity, u, and
surface tension, ¢ (Ahmed and Meehan, 2012 and Qi et al., 2021):

N, =1;—“ 2-18
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Investigation of experimental and analytical study of capillary number
theories by authors, such as Muggeridge et al. (2014), Apostolos et al.
(2016), and Guo et al. (2015) indicated that for trapped oil to be reasonably
mobilised by a displacing fluid, such as CO; and Nz, Nc needs to assume values
above 107. Capillary trapping is likely to occur when N.<10° (Muggeridge et
al. 2014, Apostolos et al., 2016). An analytical review of the Eq. 2-18 shows
that the N. can be controlled by increasing the v (interstitial velocity).
However, it is often impracticable to achieve a high injection pressure in the
reservoir pore interstices that is sufficient and safe to cause a reasonable
increase in interstitial velocity, especially for reservoirs with poor permeability
and where the displacing fluid viscosity is high, such as polymer injectant.
Such a situation would run into injectivity issues. However, this is not a gas
injection problem. Although care must be taken to avoid viscous fingering
reservoir structural damage in the case of gas injection. Muggeridge et al.
(2014) and Ahmed and Meehan (2012) suggested that reducing o can
favourably influence Nc. Fluids, such as surfactants, alkalines are examples
of fluids that can reduce o. Although the capillary number is an essential
indicator of fluid flow, it did not make it to published EOR screening criteria.
Consequently, it is expedient to investigate how EOR gases respond to

capillary number.
Data Acquisition

As highlighted earlier, the system is an immiscible gas-oil displacement.
Therefore, the capillary number can be approximated by combining Eq. 2-16
and 2-18 to yield Eq. 2-19.

Vi

p
(Pcho [—1\/;)1;)!/})] — Pchy [—Mf/g%

N, =
])4 2-19

Eg. 2-19 was applied to field and experimental data to obtain values for N,

for the reservoirs and the respective gases.
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2.3.1.7 Permeability Contrast

Besides injection pressure, temperature and surface area, Fanchi (2000),
Masoudi, Karkooti and Othman (2013) Masoudi, (2012), Gbadamosi (2018),
Vega and Kovscek (2010) identified permeability, permeability variation,
mobility, number and type of wells, well rates, and well locations or
placement as some of the parameters affecting oil recovery. Bagheri and
Beiranvand (2006) stated that reservoir rock types and their structural
vertical and horizontal heterogeneities are important components of the
reservoir characterisation process. The impact of this heterogeneity on
recovery could be significant if not adequately accounted for in the field
development plan (Wu and Liu, 2019 and Koneshloo, 2018). Therefore, a
good development plan should involve characterising and comparing the
economics of alternative processes suitable to optimise the reservoir
structural heterogeneity. Consequently, the study of injected gas's
effectiveness in creating the desired microscopic displacement efficiency,
areal sweep efficiency and vertical sweep efficiency for heterogeneous
reservoirs is imperative (Tungdumrongsub and Muggeridge 2010). There are
several studies in this area, but few or none have simultaneously compared
or characterised the four EOR gases based on their respective responses to
permeability contrasts. Wu and Liu (2019) found that oil recovery decrease
with reservoir heterogeneity for steams EOR process. Wu et al. (2020)
simulation experiment found that CO,/N; mixture injection performed better
in heterogeneous reservoirs than the individual gases. Jia (2018) has
compared Air and N, performance using simulation. Recovery was said to
decrease with increased heterogeneity generally. However, Jia (2018) found
that Air performed better than N, quantitatively. Jia (2018) has used two wells
in his investigation, one up-dip and the second down-dip. He also simulated
both vertical and horizontal wells. Although Fanchi (2000) had earlier stated
that the type of well is significant to sweep efficiency in heterogeneous
reservoirs, Jia (2018) maintained that the type of well did not record a
significant effect on the performances of the gases used. It was not clear
what the wells' topology was with respect to the permeability contrast

direction. Castricum et al. (2015) carried out some gas experiments in porous
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media for CH4, N2, and CO,. They found useful permeance segregation or
permselectivity for the three gases, however, the discussion of their results

was not in the context of gas EOR processes.

It is important to understand the permeability variation gradient of the
reservoir and what grade of permeability the wells are interfacing with.
Dykstra and Parsons (1950) have created a correlation for vertical sweep
efficiency of waterflooding with reservoir parameters, such as permeability
variation and mobility ratio (Ahmed 2018). Dykstra and Parsons (1950)
described a dimensionless measure of characterising reservoir heterogeneity.
This measure is termed the Dykstra—-Parsons Coefficient, Vk. Several authors
have extended the Dykstra and Parsons method from waterflooding to
different EOR processes, such as polymer and surfactant flooding. However,
unlike this research, none of the other studies has simultaneously compared

the four EOR gases' full spectrum using the same method.

The Vk is observed to lend itself to well-pattern planning in oil recovery
strategy for reservoirs with permeability contrast (Fanchi and Batzle 2000
and Lyons 2009). With a better understanding of how the objective functions
(volumetric flow rate, mobility, velocity, and momentum) interact with V, it
would be possible to make the optimal decision in well placement and
patterns. A good well strategy should take advantage of the Vi« to place
injection well in locations and directions to favour and optimise oil

displacement to the producer well.

According to Lyons (2009) and Fanchi (2010) correlation, increasing
permeability contrast is averse to volumetric sweep efficiency. This assertion
corroborates the numerical simulation study of immiscible displacement by
Khataniar and Peters (1992). Understandably, the irregularity in the
permeability profile of a porous media is expected to dampen the momentum
of both the injected volume rate and mobility of the displacing fluid, hence

the need to return to Vk study.

The Dykstra-Parsons coefficient is estimated as the ratio of the standard

deviation to the mean of the samples permeability variation. This can be
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applied to other properties, such as pore size and porosity (Tiab and
Donaldson 2016). Vk is often derived using values read off from a log-normal
distribution graph (Lyons 2009). It is the equivalence of the coefficient of
variance (CV) in statistics. Although the research discovered a weighing
caveat to Vk estimation process when the dimensional extent of the respective
permeabilities differs. This weighing effect is not accounted for in the
coefficient of variance. However, this study had some core samples with
remarkably similar dimensions, hence without loss of generalisation, the
statistical coefficient of variation method suffices for estimating core samples
heterogeneity, which is, in turn, a measure of the permeability variation or
contrast, Vk (Hou et al., 2016). Since it has been established that volumetric
flow rate and mobility ratio are affected by Vi, this research has to determine

which gas would perform the most given a W«.

Reservoir permeability rhythm, which describes the arrangements of different
blocks of permeabilities in the reservoir, is also an essential factor to couple
with reservoir heterogeneity. Wu and Liu (2019), Hou et al. (2016), Jiaona,
Pengsong, and Di (2012), and Baojun, Xingjia and Cai (1997) discovered that
permeability rhythm significantly affects oil recovery in the steam EOR
process. This study experimentally expanded on Wu and Liu (2019) and Hou
et al. (2016) with respect to well placement and economics in evaluating

permeability rhythm for gas EOR processes.

Consider a hypothetical reservoir having two horizontal wells: an injection
well and a producer well located above and below a reservoir with vertical
permeability contrast and rhythm in Figure 2-3. It is assumed that the
effective displacement mechanism is an immiscible displacement, and the
conservation of momentum or momentum transfer is valid. The gravity effect
is assumed as negligible. The favourable gas shall be the one whose objective
functions: that is, volumetric flow rate and mobility both suggest the same
well placement configuration. Where this coupling condition is met, the two
parameters are therefore considered to be mutually inclusive. A gas whose
objective functions suggest different configurations of well placement is

considered to be mutually exclusive. Thereby implying that an operator
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cannot secure the favourable and desired objective of high injected PV and
low mobility ratio simultaneously. Consequently, the operator is forced to
decide which optimisation objective to prioritise between Injected PV and

Mobility ratio in order to enhance recovery efficiency.
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Figure 2-3 Schematic of a simple hypothetical gas EOR reservoir with permeability contrast
showing three layers of reservoir rock with similar porosity but different pore sizes : (1)
Injected EOR gas, (2) Injection Well (3) Permeating gas (4) 6000nm pore size layer (5) 200nm
pore size layer (6) 15nm pore size layer (7) displaced EOR oil and gas (8) impermeable area

of reservoir (9) horizontal producer well (10) produced EOR oil and gas.

Given a porous system with three blocks of equal thickness but different pores
sizes (such as di=15nm and d,=200nm, and ds=6000nm) that can be
hypothetically moved around, the maximum number of combinations or
topologies available to optimise EOR quantities such as flow rate,
permeability, mobility ratio, gas cost, recovery factor is 6. The 6 combinations
are shown in Figure 2-4. Each of the topologies represents a structural
rhythm. The evaluation is to experimentally identify the gas and rhythm
coupling that would optimise EOR quantities, and reduce operational
complexity and technicality. Since the flow in porous media depends on the

direction of flow, it is expected that the respective EOR gases and quantities
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would respond differently to structural and geometrical gradients, such as the

6 compound pore gradients in Figure 2-4.
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Figure 2-4 Shows 3 different media, the fluid flow profile through them and the potential
topologies for optimising EOR gases and quantities.

2.3.1.8 Viscosity

Viscosity is a measure of the fluid resistance to flow when a shearing force is
applied to the fluid (Beggs 1987, Yu-shu and Karsten 1996, DOE 2010).
Transport theory states that viscosity is caused by the transfer of momentum
between two parallel planes (Mason 2020, Chapman and Cowling 1990). The
fluid resistance can also be considered as a measure of fluid friction.
Therefore, it is expected that the more viscous a fluid is, the more difficult it
is to flow through a channel or capillary. Viscosity is an important fluid
property utilised in many industries where fluids are applied, such as oil and
gas, pharmaceuticals, and construction industries. In the oil industry,
viscosity is the single most important fluid property for estimating pressure
drop and flowrate in reservoirs (Wang et al., 2020, Hemmati-Sarapardeh et
al., 2014, Hemmati-Sarapardeh et al., 2013, Ikiensikimama and Ogboja,
2009, Bergman and Sutton 2007, Al-Marhoun 2004, Naseri, Nikazar and
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Dehghani 2005, Elsharkawy and Alikhan 1999). Nazari et al. (2015) and
Curtis et al. (2002) further emphasised that although porosity, permeability,
and pressure may determine how a reservoir would behave, density and
viscosity are the factors that detect the oil recovery approach operators would

apply in a reservoir and the potential oil recovery.

The appraisal of viscosity in characterising immiscible oil displacement during
EOR is commonly expressed as viscosity and mobility ratios. These ratios are
fundamental dimensionless quantities used to estimate the applicability and
quality of the displacement process of oil by another fluid, such as water and
gas (Nazari et al., 2015, Buckley and Leverett, 1942). The viscosity ratio,
Aoit-gas, 1S the dimensionless ratio of the displaced fluid, u,, (e.g. Oil) phase
viscosity to the displacing fluid (water, gas, polymer or combined fluids)
phase viscosity. For gas-oil immiscible displacement system viscosity ratio,
Aoit-gas (Apostolos, Jonathan, and Saeed, 2016):

Ho
Aoil—gas = | — 2-20
oil—gas (Mg)

Where pg4, is the dynamic viscosity of the gas.

Similarly, the mobility ratio is the ratio of the displacing fluid’s mobility to the
displaced fluid mobility (Ahmed and Meehan 2012, Donaldson and Alam 2008,
Fanchi 2002a, 2010a, 2010b, Lake and Carroll 2016, Lyons 2010, Satter and
Igbal 2016, Sheng 2011b, 2011a).

Mamudu, Olalekan, and Uyi, (2015) analytical investigation of water-oil
displacement indicates that recovery increases when viscosity ratios
decrease. Such immiscible displacement of oil by water at a pore-scale could
be considered to resemble the piston and cylinder type of displacement.
However, when Nazari et al. (2015) investigated relative permeability and
viscosity ratio for immiscible water-oil displacement, they concluded that
viscosity ratio is more significant than relative permeability change. This
finding invariably makes it possible to reduce the mobility ratio to viscosity

ratio in certain circumstances. Thereby re-echoing other author’s statements
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on the influence of viscosity on oil recovery (Wang et al., 2020, Hemmati-
Sarapardeh et al., 2014, Hemmati-Sarapardeh et al., 2013, Ikiensikimama
and Ogboja, 2009, Bergman and Sutton 2007, Al-Marhoun 2004, Naseri,
Nikazar and Dehghani 2005, Elsharkawy and Alikhan 1999, Nazari et al., 2015
and Curtis et al., 2002). Furthermore, the preceding discussion indicates there

is a knowledge opportunity in this area of fluid mechanics.

Some of the factors that affect gas viscosity have been well documented by
Pruess (1991), Yu-shu, Karsten (1996), Towler (2007), and Cerpa et al.
(2019). These include temperature, pressure, fluid composition, and density.
Authors such as Mason (2020) and Al-Dahhan et al. (1997) have argued that
gas kinetic theory does not suggest that a change in pressure or density
effectively affects gas viscosity. However, Wang et al. (2020) identified in
their work that viscosity is affected by pressure change around a certain
minimum pressure. When this happens, the relationship is directly

proportional.

Nevertheless, hardly any experimental study has investigated whether the
porosity, pore size and aspect ratio of the porous media affects EOR gas
viscosity when coupled with pressure (Abunumah, Ogunlude, and Gobina
2021c). Wang et al. (2019a) show that viscosity could be influenced by pore
size. Starov and Zhdanov (2001) analytical study submitted that porosity is
inversely proportional to viscosity on a log-log graph. Sheng et al. (2020)
used an analytical method to identify positive log-log relations between
aspect ratio and apparent permeability. They observed that the effectiveness
of the relationship is not diminished when the aspect ratio is above 10. Since
permeability is analytically proportional to viscosity by way of the Darcy
equation of flow, it can be deduced from Sheng et al. (2020) that the
relationship between aspect ratio and viscosity may also exist. This type of
information is required to enable the proper engineering of mobility and

viscosity ratios for enhanced oil recovery.

In EOR technologies, fluids such as gas, steam, and polymers are injected

into oil reservoirs to displace and produce oil droplets trapped in reservoir
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pores. It has been suggested in Muggeridge et al. (2014) that it would be
difficult to displace a viscous fluid with one of lesser viscosity. Typical gases
used to achieve oil displacement are CO,, N>, CH4, and Air (Jia et al., 2012,
Hoffman 2012, Yu et al., 2008, Alvarado and Manrique 2010a, 2010b, Gui et
al., 2010, Muggeridge et al., 2014). Unfortunately, oil is about 100 times
more viscous than these gases (Mason 2020, Warner and Holstein 2007 and
Lake et al., 2007).

Authors such as Taber et al. (1997), Guerillot (1988), Surguchev and Li
(2000), Trujillo et al. (2010), Saleh et al. (2014), Kang et al. (2014), and
Nageh et al. (2015), have included viscosity as a screening criterion for gas
EOR application. Furthermore, the Darcy, Hegen-Pousillie, and Buckley-
Leverett equations of flow incorporate viscosity as a variable for measuring
fluid flow and immiscible displacement performance. However, these authors
have not characterised the viscosity of gases injected in EOR projects.
Therefore, this study offers an opportunity to investigate the coupling effect

of reservoir oil and displacement gas viscosities.
Data Acquisition

Reservoir fluid viscosity data are generally acquired from laboratory
experiments at reservoir temperature. However, where laboratory data are
unavailable, empirical correlations can be applied to individual or combined
field data to predict an estimate of the oil viscosity. These field data include
reservoir temperature, pressure, oil API gravity, solution gas-oil ratio,
saturation pressure, reservoir fluid composition, mixture molecular weight,
normal boiling point, and critical temperature (Naseri, Nikazar and Dehghani,
2005). To make a robust database, this study was desirous of estimating the
reservoir's viscosity whose oil viscosity data was not supplied. After a review
of oil field data available to the study and their boundary conditions, a
thorough review of twenty published and established correlations was
conducted (Naseri, Nikazar and Dehghani, 2005, Al-Marhoun, 1988, Al-
Shammasi, 2001, Dindoruk and Christman, 2001, Hanafy et al., 1997, Beal,
1946, Connally, 1959, Labedi, 1992, Frashad, et al., 1996, Lasater, 1958,
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Velarde, Blasingame, and McCain, 1997, Standing, 1947). It was concluded
that Naseri, Nikazar and Dehghani (2005) viscosity correlation model is the
best fit for this study because it covers a wide range of dead oil viscosity, Uod
(cp). Furthermore, their correlation is a function of API gravity and reservoir
temperature, T (°F), which are common parameters in the field database and
can be easily obtained from the oil density and reservoir temperature
gradient. The Naseri, Nikazar and Dehghani (2005) correlation is presented
in Eq.2-21.

Hoqg = antil ogy (11.2699 — 4.26991 og, (API) — 2.052l og, (T)) 2-21

For EOR gas viscosity acquisition, the study discovered several empirical and
analytical routes to acquire the EOR gas viscosity data from experimental
data. Worthy of note are Darcy, Hegen-Pousillie, and Kinetic energy equations
of states. A reservoir or porous media, such as the core samples used in the
experiments, can be considered as a bundle of microcapillary tubes
(Buryakovsky et al., 2001). The capillary tube system can also be applied
experimentally as a simple viscometer for measuring and studying the
viscous behaviour of fluids (Zhang and Hoshino 2018). Consequently, the
samples used in this research also acted as a viscometer tool to generate
data that could be plugged into the Hagen-Poiseuille and Darcy equation of
state. The equations of state were analytically modified to account for

compressible isothermal radial gas transport in porous media.

The traditional Hagen-Poiseuille equation is expressed in Eq. 2-22 in a linear
flow form through a straight pipe of capillary, where Q. is the capillary
volumetric flowrate, in cm3.s; 1. is the capillary radius, in cm; dP is the
differential pressure across the capillary, in dyne.cm2; p is the fluid viscosity,
in poises, and [, is the length of capillary, in cm. The equation is represented
thus (Loudon and McCulloh 1999):

4

T, dP)
S - 2-22
Qe 8u (dlc
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The negative coefficient is due to the flow being in the direction of diminishing

pressure.

For a flow through a circular capillary with a radius, r,, the fluid entrant area
is (Weisstein 2003):

A =nr? 2-23

Substituting the entrant area in 2-23 into Eq. 2-22 gives:

2
_ A (d_P) 2-24
8mu \dr

For a configuration with stacks of capillaries forming a radial geometry, the
surface area, A, available for fluid entrance can be related to an effective

height, h, and the geometric radius, r of the stack:
A =2nrh 2-25

The radial surface area in 2-25 can substitute the linear area in Eq. 2-24 to

give:

2-26

Q= h?r? (dP)

ZME

For an isothermal flow where the quantities are measured at the output Qg,
the outlet flow rate to atmospheric pressure, P,, the following gas equation
holds:

QP = QP = QP 2-27
Substituting for Q in relation to the output:

wh?r? PdP

_— 2-28
2u dr

QP = —

Rearrange and integrate with respect to pressure and flow path:
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dr wh? PdP
Y el 2-29
fQZ r2 f 2# PZ
Integrating both sides of the equation and applying the boundary conditions
of pressure and radial length in the direction of flow resolve the negative
coefficient on the right side and generate a new negative coefficient on the

left side due to the direction of flow towards diminishing radial boundaries. It

1 1 . . .
would cancel out when (r——r—) is operated on because the outer radius, ry, is
1 2

larger than the inner radius r,.

2/p2__p2
RO I U i 2 2-30
noT 4u P,
Make viscosity the subject of the formula in Eq.2-30:
_wh [ P?-P? 531
# 7T, (-1
o

All the quantities on the right side of Eq. 2-31 can be explicitly measured in
the experiment to significant accuracy. Consequently, with the oil and gas
viscosity data acquired, the study was set to characterise and couple this
quantity with the petrophysical structural parameters of interest: porosity,
pore size, and aspect ratio. Consequently, it is useful to describe the selection
criteria for these parameters in the context of reservoir realities. Suffice to
state that the viscosity measured here is an intrinsic viscosity. The viscosity
profile for a single-phase model such as this experiment can be imposed on
a multiphase reservoir model. Abou-Kassem, Islam, and Farouq Ali (2020)

stated that there is no difference in viscosity for single and multiphase.

2.3.1.9 API Gravity

The API gravity is a measure of the reservoir’s oil density. It is an established
reservoir characterisation parameter in the petroleum industry (Curtis et al.,
2002, Robert, 2007). Its characterisation capabilities have been extended to

EOR applicability and selection models by authors such as Taber et al. (1997),
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Guerillot (1988), Surguchev and Li (2000), Trujillo et al. (2010), Saleh et al.
(2014), Kang et al. (2014) and Nageh et al. (2015).

The API gravity is the mathematical inverse of the reservoir fluid specific

gravity, y,, represented in Eq 2-32 :

141.5

APl = - 1315 2-32

Yo
From a global reservoir perspective, API values range from 4 to 70 (Curry and
Kacewicz 2012, Curtis et al., 2002). This parameter has been used to classify

oil into three main groups.

I. Ultraheavy to Heavy oil <20
II. Intermediate oil >20<45
ITI.  Light to condensate oil >45<70

Curtis et al. (2002) emphasised that oil density knowledge is instrumental in
selecting a recovery approach than factors such as porosity and permeability.
In Taber et al. (1997) EOR screening model, API gravity was set as a criterion
for evaluating EOR technologies' applicability. In light of recent technologies,
this study has offered to use the most recent global EOR dataset to
investigate the current reality of API gravity for EOR classification and
selection. Furthermore, previous studies did not couple the field data with gas

data for specific gravities or densities.

Data Acquisition

To couple the gas experiments with oil property characterisation, the API was
reduced to specific gravity because gases are not quantified in API standard
but rather specific gravities. The starting point is to calculate the respective
densities of the EOR oils and gases. The API supplied in the database with Eq
2-32 was used to acquire field oil specific gravity. For the EOR gases, the
Newton Second law was applied in the form of Eq 2-33. to estimate the

apparent specific gravity of the EOR gases from experimental data with
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pressure P, volumetric rate v, mass rate, m, root mean square velocity Vims

and amount of moles, n.
N
Pv= 3 MNVims 2-33

The density of the gas molecules can be obtained thus:

mn 3P
Pg=——= 2-34

2
v vaS

The root means squared velocity quantifies the algebraic sum of the x, y and
z components of the molecules’ velocities. This is equivalent to about three
times the average velocity in the centre of mass for directional flow. Where
applicable for validation and ease of usage, the ideal gas law equation solution
was also used to obtain density (Eq. 2-23). Where the pressure P, volume v,
Temperature T, and moles n, of the gases together with the gas constant R,

are represented as (Laugier and Garai 2007):
PV =nRT 2-35

Consequently, in a steady-state flow, with volumetric rate, v, and where n
can be written in terms of the mass flow rate, m, and molecular mass M, Eq.

2-36 can thus be rewritten as:
m
Y 2-36
PV MRT

It can be further reduced to:

m RT RT
= == —_— 2_ 7
vM  Pim 3
PM
g = e 2-38

The specific gravities of the EOR oils y,, and gases y,, were obtained by
normalizing their densities with air p,, (12.93x10* g.cm™3) and water p,,

(0.997 g.cm3) densities, respectively, which are the industry reference
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densities (Standard, A.S.T.M., 2017, Towler, 2007, Tat and Van Gerpen,
2000, and Peramanu, Pruden, and Rahimi, 1999)

p

vo=2" 2-39
p

Ve =" 2-40
Pair

2.3.2 Performance Description

These are engineering quantities used to evaluate the performances and
competitiveness of the EOR gases. They are also used to couple the data

mining and experimental phases of this research.

2.3.2.1 Recovery Factor (% EOR production)

Since the ultimate aim for field development is to maximise oil recovery, it is
expected that in selecting an EOR method to apply in a field, reservoir
engineers would appreciate information indicating the historical recovery
performance of EOR application in fields analogous to theirs. Vega and
Kovscek (2010) tied the recovery factor of an immiscible gas EOR to factors
that have been discussed in the previous session, such as the volumetric flow
rate, surface tension, and structural heterogeneity. Sakthikumar, Madaoui,
and Chastang (1995) experimentally determined that Air-oil EOR recovery
(46%) is slightly greater than Nx-oil recovery (43%). Kantzas, Chatzis, and
Dullien (1988) found that N, and Air can potentially recover up to 99% of
trapped oil. Fassihi, Yannimaras, and Kumar (1997) Babadagli et al. (2001),
Teigland and Kleppe (2006) deposited different values for immiscible EOR
recovery. Nevertheless, the literature review shows that immiscible gas EOR
is generally above 5%. Figure 2-5 gives the recovery performance of various
gas EOR methods as investigated by Al Adasani and Bai (2011). It is shown
that CO; has a higher recovery factor than the other gases. This result can
only be taken at face value as this research has discovered the probable

reason for the difference in recovery factor.
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Figure 2-5 Recovery Factor for EOR various Methods (Al Adasani and Bai 2011)

The mechanism for the immiscible displacement of liquid by gas in porous
media has been extensively studied and validated. The most common
mechanism is slug flow, as shown in Figure 2-6, where a slug of gas displaces
the in-situ liquid in a capillary tube (Figure 2-6a) in a piston-like fashion
(Figure 2-6b). However, the slug and the wall of the capillary do not form a

perfect piston system.

Authors such as Taylor (1960), Fairbrother and Stubbs (1935), and Davies
and Taylor (1950) pioneered the subject. They determined a layer of the
liquid film adjacent to the capillary wall that is not displaced by the slug. The
liquid film thickness, § of the immobile layer is the difference between the
radius of the capillary, r., and the slug,r. (6 =, —r;). This immobile layer, §,
has been found to depend on the characteristics and nature of the slug
(displacing fluid), such as its velocity, viscosity, and radius relative to those
of the capillary and displaced fluid (Rochinha 2011 and Soares, Mendes and
Carvalho 2008).
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Figure 2-6 Gas-oil displacement process in porous media showing different potential residual

saturation as a function of slug radius.

The 6 layer as a fraction of the reference total capillary liquid thickness can
be considered as a measure of the fraction of un-displaced mass, m, or
volume, left after the displacement process is completed. This quantity is
used to measure the effectiveness of a gas-liquid or liquid-liquid displacement
process. Soares, Mendes, and Carvalho (2008) described m, as a function of
the slug head displacement velocity, U,;, to the average velocity, u, of the

displaced fluid front ahead of the slug and represented it as:

— 2
m = Jd “=1_(T_d) 2-41

e

Several authors have extensively used experimental, analytical and numerical
methods to validate the concept of m, (Peng et al., 2021, de Sousa et al.,
2007, Cheng Hills and Azzorpardi 1998, Olbricht 1996). An extensive review

55| Page



of the several methods and correlations for m can be found in Soares, Mendes
and Carvalho (2006).

Furthermore, Bretherton (1960) described a power correlation between m
and capillary number that is of significant utility to this study. The m was
found to be proportional to the capillary number. Majumder, Mehta and
Khandekar, (2013), Miao et al. (2017), and Eain, Egan and Punch, J., (2013)
confirmed that m is empirically related to the square root of capillary number,
for N, value ranging from 107> to 10! and their mathematical representation

for m is thus:
m= N,'/? 2-42

It was further confirmed that gas-liquid experiments that bear the
relationship in Eq. 2-42 were conducted in laminar flow Reynolds number
(Magnini et al., 2017, and Soares, Mendes and Carvalho 2008), which makes
their assertion applicable to this work. Recall that (Muggeridge et al. (2014),
Apostolos et al. (2016), and Guo et al., 2015) stated that for EOR
displacement to take place, N, must be above 10~4, therefore these boundary
conditions mention in Majumder, Mehta and Khandekar, (2013) and Miao et

al. (2017) apply to EOR application and this study.

In reservoir engineering, the displacement potential of an EOR technology,
process, and injectant is based on their ability to reduce residual oil saturation
at the pore scale. The m in Eq. 2-42 is analogically equivalent to the residual
oil saturation s,, at the end of the EOR displacement in Eq. 2-43. Li et al.
(2017) represented displacement efficiency, E; as a function of residual oil
saturation, s,., due to a given displacement mechanism (in this case,
immiscible gas-oil displacement) and the initial oil saturation, s,; at the start

of EOR implementation in Eq. 2-43.

Eg= 21— 2-43

Coupling equation Eq. 2-42 and 2-43 yields:
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E; = Sot —Ne * 2-44

2-45

Eg.2-41, 2-49, and Figure 2-6a-d indicate that the un-displaced oil fraction
for different displacing fluids differs. Injectant that produces slugs with a
larger radius is expected to perform better than the one with a slimmer slug.
Meaning injectants or displacing fluid performance can be characterised by

this quantity.

Consequently, Eq. 2-45 is a useful analytical solution for evaluating displacing
gas potential to reduce oil saturation and improve the displacement of
trapped oil. Although existing screening methods do not integrate the
recovery performance index, it is expected that a proper knowledge of this
factor based on a fair comparison among EOR processes could change the
EOR selection decision process. In this research, the optimisation goal is to
identify the EOR process and EOR gas that maximises the displacement

efficiency, E;.
Data Acquisition

The recovery factor as a function of the displacement efficiency was acquired
from reported field data. For the EOR gases, the potential displacement

efficiency was acquired by applying Eq. 2-49 to experimental data.

2.3.2.2 Mobility Ratio

In this study, a relative mobility ratio measure was considered a potential
criterion for evaluating gas EOR performance based on the literature review
(Ahmed and Meehan 2012, Donaldson, and Alam 2008, Fanchi 2010a, 2010b,
Fanchi 2002a, Lyons 2010, Satter and Igbal 2016, Sheng 2011). Baker
(1998) and Muggeridge et al. (2014) have explained the general concept of
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fluid mobility in reservoir terms. Effective mobility describes the fluid flow
through porous media in relation to its resistance and saturation. In a
multiphase flow, mobility is defined as the effective permeability divided by
the dynamic fluid viscosity (Tiab and Donaldson 2016, Sydansk, 2007, Lyons
and Plisga, 2011). A reduced form of effective mobility is intrinsic mobility
which is the fluid mobility for a single-phase flow. Intrinsic mobility is a
valuable quantity because, by this definition, intrinsic mobility combines a
rock parameter, permeability, and fluid property, viscosity ( Abunumah,
Ogunlude, and Gobina 2021a). The combinatorial relationship of this quantity
is expressed in Eq. 2-46 ( Abunumah, Ogunlude, and Gobina 2021a).

M= —= (%) 2-46

Where:

M; = intrinsic mobility of fluid i in mD.cp,

Ki = intrinsic or absolute permeability of the fluid j in mD,
Ui = is the dynamic viscosity of the fluid / in cp,

The subscript i = could be gas or water or oil.

Lohman (1988) and Widmoser (1983) and Heath (1980) suggest that mobility
varies from reservoir to reservoir, from fluid to fluid, from direction to
direction, and from temperature to temperature. Argawal (2012) stated that
mobility is extensively affected by pore size and configuration. These authors’
conclusions suggest the variability of this quantity along with other reservoir
parameters. Therefore, in selecting a gas for EOR application in a reservoir
with varying porosity, pore size, and aspect ratio, the gas with the most
potential to attain the ratio of unity can be considered the most competitive
with respect to viscosity. In EOR processes, fluids are usually injected into
the reservoir to displace oil. The dimensionless quantity that relates the
displacing fluid mobility and the displaced fluid effective mobility is referred

to as the relative mobility ratio (Fanchi 2010a, 2010b, Abdus and Ghulam
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2016, and Sheng 2011). Mobility ratio is also a measure of the displacing
fluid's effectiveness in displacing trapped oil from reservoir pores in an
immiscible piston-like displacement (Muggeridge et al., 2014, Ahmed and
Meehan, 2012, Lyons and Plisga, 2011, Lyons, 2009 and Sydansk, 2007). Eq.
2-47 is a mathematical representation of M (Muggeridge et al., 2014).

_ Maispiacing _ M

M= P28 — L 2-47
Mdisplaced Mo

M = relative mobility, dimensionless quantity,
M; = mobility of the displacing fluid, such as water, steam, gas in mD.cp™,
M, = mobility of the displaced fluid, that is, oil in mD.cp.

Eq. 2-47 can be rewritten in terms of the effective permeability and phase
viscosity of the respective fluids by substituting Eq. 2-46 in Eq. 2-47.
Reservoir engineers must have sufficient control over this dimensionless

quantity.

L 2-48

According to Lyon (2009) and Dellinger, Patton and Holbrook (1984), a high
mobility ratio causes reduced displacement and low sweep efficiency. Mobility
control is the method applied by reservoir engineers to ensure that mobility
of the injectant/displacing fluid is lower than the mobility of the fluid that is
being displaced in order to achieve a stable displacement process across the
porous media (Dellinger, Patton and Holbrook 1984). Regardless of the EOR
method used and fluid injected (steam or polymer or gas), Abunumah,
Ogunlude, and Gobina (2021), Muggeridge et al. (2014), Hamid and
Muggeridge (2018a, 2018b), and Holstein (2007) highlighted that to achieve
favourable displacement, the mobility ratio must be such that the value

approaches unity or less (i.e., M<1).
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Figure 2-7 is a schematic of the typical mobility regime in Eq. 2-47. As the
displacing fluid mobility decreases relative to oil mobility, M tends towards
M<1 (desirable condition). Conversely, when the displacing fluid mobility
increases, M tends towards M>1. This is an undesirable condition in reservoir
engineering as it means the displacing fluid is more mobile than the displaced
fluid or oil. Mobility control aims to bring the M to the shaded (lemon green)

area of the curve.

Relative Mobility Curve for
Oil and Displacing Fluid

/Oil Mobility

Relative
Mobility

Displacing Fluid
Mobility Curve

Figure 2-7 Relative Mobility Curve for Oil and displacing system.

Figure 2-8 shows how the gas/oil displacement process responds to the
relative mobility ratio. Here gas is the displacing fluid, while oil is the
displaced fluid. Six cases with varying mobility were investigated for a five-
spot well pattern. It is observed that in cases A and B, where mobility ratios,
M is 0.151 and 1, respectively, the oil displacement process is very stable.
However, in cases D, E and F, where the relative mobility ratios are 4.58,
17.3 and 71.5, respectively, it would be observed that the displacement
process increasingly becomes unstable (Lyons and Plisga 2011). Thereby it
causes viscous fingering or channelling of the displacing gas, and
consequently, an early breakthrough of gas at the production well, as shown

in cases D, E and F (Dellinger, Patton and Holbrook 1984).
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EOR Technologies, such as thermal and chemical methods, could be applied
to achieve a lower M value by applying thermal energy to the oil to reduce
the oil viscosity. Such action invariably increases the oil mobility in contrast
to the displacing fluid mobility. Conversely, chemicals, such as a polymer,
could be applied to reduce the displacing fluid's mobility compared to oil
mobility.

However, in this work, the focus is to investigate the Mobility control for gases
applied in EOR projects. In the Mobility equation, fluid viscosity is an
important parameter. Ordinarily, gas seems to be at a disadvantage in
displacing oil, considering that gas's viscosity at reservoir conditions is usually
about 0.02cp while that of oil is between one and two orders of magnitude
higher (Mason 2020). Although in an EOR practice, water is usually combined
with the gas in a process called Water Alternate Gas (WAG), thereby reducing
the gas mobility.
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Figure 2-8 Areal view of the effect of mobility ratio on gas/oil displacement process (Warner
and Holstein, 2007)
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Considering how gas mobility significantly affects EOR performance as
explained in the Mobility equation and demonstrated in Figure 2-8,
experiments have been designed to investigate the relative performance of
EOR gases using mobility as the assessment criteria. These experiments not
only investigated the mobility status of gases, but they also investigated the
mobility regimes of the gases vis-a-vis properties and parameters, such as
mean pressure, operating temperature, molecular weight, and Kkinetic
diameter, and mean free path. Such information gathered would support
engineers in mobility control processes. For instance, if there is a change in
pressure as commonly encountered in oil production, to what extent would it
affect the mobility equilibrium of the respective gases applied in the

immiscible gas EOR process.

In this study, intrinsic mobility was investigated as an objective function. The
first objective is to identify whether global EOR reservoirs can be
characterised by this mobility using data mining techniques. Where this is
true, then experiments are conducted to investigate how the respective EOR
gases optimise this objective function's requirement. None of the EOR screen
models has mobility as a screening criterion. Furthermore, none of the
literature has characterised EOR reservoirs and gases by their mobility

description. Therefore, adopting this quantity has significant utility.
Data Acquisition

This study used apparent intrinsic mobilities. This quantity was obtained by

applying field permeability and viscosity data to Eq. 2-46. For EOR gases,

intrinsic mobility, % , was acquired by applying experimental data to a

modified Darcy (1856) flow equation as seen in Eq. 2-75, where Q4 is the
(Plz_rfzz) is the
In—

r2

gas flow rate that has been normalised to standard condition,

radial pressure gradient and h is the height of the sample, and T is the

average temperature of the existing gas.
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Kh (P> = P
Qsta = 858_FT 2-49
W)
Eg. 2-75 is in the centimetre-gram-seconds (cgs) unit system, and the full
derivation of the equation is detailed in the experimental phase in subsections

6.1.5.1., 6.1.5.2, and 6.1.5.3.

2.3.2.3 Velocity

The interstitial velocity, which is the true velocity of the fluids in reservoir
pores interstices, has been investigated to identify which of the EOR gases
offer the most favourable oil displacement velocity. According to Muggeridge
et al. (2014), microscopic displacement is a significant factor in the general
improvement of reservoir sweep efficiency, and it is related to velocity by way
of the capillary number. Futhermore, Holdich (2002) suggested that velocity
is @ measure of resistance to flow. In an attempt to find a criterion for stable
displacement, Hill (1952), Chuoke, Van der Poel and Killian (1957), Van
Meurs and Van der Poel (1959), Dumore (1964) were able to experimentally
describe the concept of critical velocity for a two-phase immiscible
displacement system. The critical velocity is the interstitial velocity at which
the injected displacing fluid forms a stable displacement interface with the
displaced fluid. Significantly above this rate, the system could go into viscous

fingering.

These velocity descriptions, coupled with the consistent featuring of velocity
in fluid flow equations, consequently informed the study to select it as a
potential critical criterion for characterising gas immiscible EOR processes.
Although the interstitial velocity is a variable determining capillary number in
Eq. 2-18, it is, however, the critical velocity that explicitly describes the
stability between the displacing and displaced fluids flow. The velocity is
adopted both as a factor to characterise EOR reservoirs and as an objective
function to evaluate gas performance. This type of analysis is not present in

previous studies.
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Data Acquisition

The route to acquire this data would depend on the EOS's practicability and
validity for the set conditions and available data. Interstitial velocity can be
determined experimentally. However, where that is not possible, the
interstitial velocity is analytically derived from the established equation of
states such as Darcy’s, Hagen-Poiseuille, Bernoulli’s and Kinetic Energy EOS
(Holdich, 2002, Atkins and Escudier, 2013, and Darcy, 1856 and Poiseuille,
1940). In this study, the interstitial gas velocity was obtained by applying the
Darcy law to experimented data. The experimental gas volumetric rate, Qq:4,
core sample area, A and porosity, ¢, data were fed into Eq. 2-50 to obtain

the interstitial velocity.

Qstd
VvV =

A0 2-50

In contrast, the oil apparent interstitial velocity was measured as a potential
velocity. It derived from the analytical manipulation of Darcy and Poiseuille

laws coupled with the reservoir porosity.

2.3.2.4 Momentum

The flow of fluids through porous media should typically conform to mass,
linear momentum, and energy conservation. Several authors have charted
this area with respect to momentum in open channels and jets (Sundén and
Fu, 2016, Henrie, Carpenter and Nicholas, 2016, Chanson, 2012, Faghri and
Zhang, 2020). But there is hardly literature that has described momentum in
gas EOR processes (Colin, 2006). Gas injected into reservoir pores involves
coupling interactions of velocities and masses that can be described by
momentum. When this momentum interacts with in situ fluids and pore
matrix momentum, the quality of the interactions can be further
characterised by momentum transferability or flux. Accounting for
momentum and momentum flux has a major utility in understanding gas-oil
displacement. A displacing particle may have a large momentum but a low
capacity to diffuse the momentum onto the displaced particle. Therefore, the

coupling effect of momentum and momentum flux potential is essential in
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evaluating displacing fluids' competitiveness. As an objective function, the
research's optimisation goal is to evaluate and identify the gas that offers the

most competitive coupling of these quantities.

Momentum, P, is a combinatorial engineering quantity, and it is directly
proportional to the component mass, m; and velocity, v;. Therefore, the

relative momentum capacity for the respective gas-oil system would be:

n
P= Emivi 2'51
i=1

And the kinetic energy, KE, possessed by the system is:
1 n
KE = EZ(mivﬁ)Z 2-52
=

When two bodies with respective velocities in an initial state (1) experience
collision, they would possess a new final state (2). By way of the conservation

of momentum, the initial (1) and final (2) momentum balance should be:
n n
Pp—P,= Z(mivih - Z(mivi)z =0 2-53
i=1 i=1

In a perfectly inelastic collision between two bodies, where one body was
relatively at rest before the collision, the constituent bodies after collision

would possess a common velocity, v,. The velocity balance:

n n

Z(mivi)l =V Z(mi)z 2-54
i=1

i=1

Yiei(miv)q
Vy) = —————— 2-55
27 ¥R, (my),

For this system, the initial and final Kinetic Energy KE; and KE, becomes
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n
KE =12(m-v-2) 2-56
1 2 Vi 1
i=1

n
1
KE, =§V222(mi)2 2-57

Substituting for v, 2-55 into Eq. 2-57 and collecting like terms gives:

1 i 1(m V1)1 1(2 1(mv) ) _
KE, = (2" s ) Z( D2 =350 G, 258

The fraction of energy lost, ¢, between the bodies due to factors such as

friction can be estimated as

O )y
| KE,—KE, 2= (mvi = Sgm 5 2-59
FTOKE, >, mivd),

Fluid displacement of trapped oil particles can be idealised as perfect inelastic
collision, whereby the displacement fluid and the relatively stationary residual

oil assume a new velocity at the point of contact in a piston-like shape.

Applying Eq. 2-54 for gas-oil displacement with the mass of gas and oil

particles represented as m, and m, respectively, and their respective initial
velocity of vy, and v,;, the initial and final momentum conservative balance

would be:

myVgy + movey = (my +my)v, 2-60
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The trapped oil particles are considered to be at rest (v,; = 0) relative to the

invading gas, therefore the equation reduces to:
mgvg, = (mg +mg)v, 2-61
The final assumed displacing velocity, v, is

= DgVgr

V2 = vme 2-62
For this system, the initial and final Kinetic Energy KE: and KE, becomes
1 2
KEl = Emgvgl 2_63
2 2
1 m, 1((mgvy)
== —_— = — 2-64
KEz 2 (mg +mo) ((mg + m(,) VQl) 2 <mg + m,
The fraction of energy loss, ¢, between the bodies can be estimated as:
2
2y _ [ (mgvg1)”
_ KE;—KE; (mgvg1%) (mg + m0> _(4 mg 2-65
be = KE; (mgvy12) B my +m,
This can be further reduced to Eq. 2-66:
= (= 2-66
$r = mgy + mg

Data Acquisition

The linear momentum and energy loss data for gas-oil displacement were
acquired from Eqg. 2-61, 2-62 and 2-66. The momentum flux was measured
by the fluid’s momentum diffusivity parameter, v, which relates dynamic
viscosity, u, and density, p,:

U
‘r’:

- 2-67
p
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2.3.2.5 Transmissibility

Transmissibility is a quantitative measure of the capacity or rate at which a
reservoir pay zone transmits reservoir fluids (Agarwal 2012, Satter 2008,
Dielman 2005, Heath 1980 and Widmoser 1983). The Transmissibility, T;, of
a fluid reservoir system is represented mathematically as the integral of
permeability over the reservoir thickness, h, divided by viscosity, u. A steady-
state form of T; can be seen in Eq. 2-68 (Harrison and Chauvel 2007):

T, = K = M;h 2-68

Hi

Some authors have de-emphasised the utility of dynamic viscosity in the
transmissibility equation. Desbarats and Dimitrakopoulos (1990) rationalised
it as unity. In contrast, Lohman (1988) and Widmoser (1983) introduced
kinematic viscosity and specific weight respectively of the fluid of interest.
However, in this study, dynamic viscosity was used in obtaining
transmissibility. Therefore, the transmissibility equation is an analytic product

of mobility, M;, and pay zone thickness, h.
Ti = Mlh 2'69

It has been stated by Miiller-Petke and Yaramanci (2015) and Desbarats and
Dimitrakopoulos (1990) that this engineering quantity is important in
estimating the overall fluid transport capacity of the reservoir grid.
Transmissibility models are often used in reservoir simulations to investigate
flow between reservoir grids (Panteha 2018 and Wang and Gupta 1999). This
suggests that reservoirs could be characterised by transmissibility, therefore,
this might impact the selection of EOR gases to displace trapped oil.
Transmissibility is a combinatorial objective function. For gas EOR, the
optimisation criterion involves identifying the gas that offers the desired
transmissibility potential, therefore, improving the gas selection process.
However, authors such as Taber et al. (1997), Guerillot (1988), Surguchev
and Li (2000), Trujillo et al. (2010), Saleh et al. (2014), Kang et al. (2014)
and Nageh et al. (2015) have not included transmissibility in their EOR
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screening model. This study provided an EOR solution for this engineering
quantity.

Data Acquisition

The transmissibility of the oil and gas are obtainable from the application of
Eq. 2-68. The variables are either supplied or derived in previous subsections

and from experiments in the gas of gases.

2.3.2.6 Sweep Optimisation Curve and Parameter

One of the most important experimental study findings is developing an
optimisation curve that can be used to evaluate gas reservoir sweep
competitiveness and estimate a desirable balance between injection volume
rate and mobility. In previous subsections, the experimental data confirmed
that the injection volume rate and mobility are inversely related. This result
is in line with other gas investigations, such as Dyes, Caudle and Erickson
(1954).

In previous studies by investigators, such as Dyes, Caudle and Erickson
(1954), Caudle and Dyes (1958), Bagci (2007), and Lyons and Plisga (2011),
it has been confirmed that the recovery factor, R, is based on the quality of
the vertical and areal sweep, and the displacement efficiencies, which are
functions of injection/production well pattern topography, mobility ratio, the
volume of displacing phase injected and relative permeability ratio. It is been
established that the R, increases with gas volume injected and decreases with
mobility ratio (Holstein 2007 and Caudle and Erickson 1954). Consequently,

a proportionality equation can be drawn as shown in 2-70 ...

Rf = kgi

2-70
7\gas

Where kg, is the proportionality constants peculiar to the displacing fluid i.

Eq. 2-70 can be rearranged thus:
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2-71

The term g, on the right had side of Eq 2-71 can be considered a measure
gi

of the micro (pore level displacement) and macro (areal reach or spread)
recovery. The measures reflect the extent or quality of the overall recovery
process. The term is notionally described as the Sweep Optimisation

Parameter, SOP. Therefore Eq 2-71 can be rewritten as:

Rf l(gas

= SOP = 2-72
kv—k Agas
Vsas @Nd 1445 @assumes different values at different pressure and temperature,
therefore:
I/gas
SOP (P, T) = 3 2-73
gas

Eg. 2-73 shows that SOP values are dependent on the injection Pressure, P
of the gas and the porous media. For every P, above a certain pressure
threshold for a pair of porous media and gas, there is a unique SOP value.
The SOP was further used to evaluate the competitiveness of EOR gases in
immiscible gas EOR. The optimisation goal is to identify the gas with the
highest SoP.

Data Acquisition

In this study, graphical method was adopted to estimate the value of SOP
from the pressure graph of V., and Ag. The graphical method was
appropriate because of the power-equation relationship of V,,; and 2,4, with
injection pressure. Vs and 14, values were read off from the graph and

applied to Eq. 2-74 to obtain estimates for SOP at different pressure and

temperature.
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2.3.3 Infrastructure Description

2.3.3.1 Well density

Well Density is a combinatory engineering quantity derived from the numbers
of wells and reservoir areal extent. As used in this research, well density is a
measure of the well requirement for an EOR method to perform optimally
with respect to the size of the field, oil recovery, and well cost. Performance,
in this case, should be described as a minimum well requirement without
compromising oil recovery (Slatt 2013a, and Shepherd 2009). The Well
Density (Wpen), as derived in Eq. 2-74, represents the estimated number of
wells, required to drain one acre of reservoir undergoing a particular EOR

technology. The well density is calculated as (Shepherd 2009):

2-74

Where:

Wopen = the well density (Well/Acre),
W, = the number of production wells,
Wi = the number of injection wells.

The impact of well density on EOR has not been well studied. The expectation
is that some EOR processes may generally display a profile that is consistent
with high well density than others. The well-density profile could even be
significant when the EOR processes are coupled with reservoir geometrical,
geological and fluids realities. If a predictive model can be generated from
this analysis for Wpen, then reservoir engineers and management personnel
can have a broader technological and economic scope for comparing EOR
methods at the screening stage. A typical well cost $10-$40 million and 30
to 50 days to drill (Matthew 2017, PSAC 2015, Zhang et al., 2015 and Pershad
etal., 2012). However, if one has two EOR technologies options with different
Woren (every other thing being equal), optimization requires that the EOR

process with the lowest Wpen should be selected. This would save drilling cost
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and time and reduce application. Well density and its impact on various EOR
performances is an area that has not been investigated in detail. There was
hardly any direct or recent journal article found on this subject matter with
respect to EOR methods. Holm (1980) compared infill wells and EOR
implementation as two competing oil recovery strategies that could also be
combined for synergetic oil recovery. The author, however, submitted that
well spacing is critical to chemical EOR than to gas EOR. The author further
reported that short-circuiting of displacing fluids, such as CO;, could be
reduced by maintaining the often applied well spacing of 40 acres in
reservoirs with high permeability. Using numerical data analysis in the US
oilfields, Cutler (1924) and Keller and Callaway (1950) agreed that increased
well density improves the ultimate recovery factor. However, the two authors
disagreed on the mechanism, conditions and extent of such improvement.
Kern (1981) did a data analysis of 48 reserves in the Permian Basin and
concluded that in water flooded reservoirs with lower permeability (<1.2mD),
there is a significant correlation between well spacing and recovery efficiency.
However, at higher permeability (>1.2dm), no correlation was observed. On
the contrary, Suman (1934) rejected the previous authors’ claims of the
relationship between well spacing and recovery efficiency, insisting that the
most significant recovery is achieved from relatively sparse well density. It
would be observed that not only are these authored works old, but they are
also not much agreement in their respective positions. Li et al. (2015)
investigation shows that well density improves oil recovery efficiency;
however, beyond 3 well/km?, the oil recovery efficiency graph plateau or
flattens out, but their study did not include an EOR situation that involves a

fluid injection process.
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Furthermore, there has been a grave concern about how these authors used
the concept of well density and well spacing interchangeably. After a rigorous
study and modelling of the two concepts using spatial analysis, it was
concluded that the authors might have been mistaken. Two or more
reservoirs may have the same well spacing but different well density. This is
especially observable in well patterns that are of direct line topology, such as
the nine-spot pattern. To prove the practicality of this, the study used spatial
modelling and analysis. The highlight of the analysis could be seen in Figure
2-9.

Field Reservoir No.of Spacing

P 660ft ‘ Area Wells
v Vv @ Vv v v §
[ @ O Y @ a @ a 1 acre 22 66ft 22.00
66ft I L v A o W v v 7 7 .- A | (43,560ft2)
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Figure 2-9 Three hypothetical reservoirs with the same well spacing but different well density.

Figure 2-9 shows three hypothetical reservoirs (A, B and C) of different sizes
but with their wells equally spaced yet, they have different Well densities. For
B and C to have the same density as A (22wells/acre), one would need to add
11 and 22 more wells to B and C, respectively. This would, however, now

change the well spacing and architecture for B and C. Meanwhile, Kern (1981)

73| Page



compared the correlation between recovery efficiency and reservoir size for
25 reservoirs with the same well spacing (40acres); the author observed that
for a constant well spacing, recovery efficiency is correlated with reservoir
size. Applying Kern (1981) findings on the hypothetical reservoirs in Figure
2-9 implies that by the sheer sizes of the respective fields, the recovery
efficiency of Field C would be higher than Field B, and that of B would be
higher than A. Even though they all have the same well spatial architecture,
the two concepts might not be the same. Hence, they should be investigated
separately. Therefore, using well spacing to make a case for well density or
using them interchangeably could be misleading as the former undermines

the synergetic impact of well topology and reservoir size.

Suffice to note that these authors were considering well density in the light
of primary and secondary recovery. In the EOR application context, it is not
easy to fully appreciate how much analogy could be drawn from their studies,
as the primary recovery mechanism operates quite differently from the EOR
mechanism. In this research, the well density parameter was adopted and
investigated to establish the characterisation of EOR processes based on their
well requirement in the data mining stage. The knowledge was used to design

the experiments to investigate the well density parameter for EOR gases.
Data Acquisition

The well density was obtained by plugging oilfield data of wells and reservoir
area into Eq. 2-74. Where the well records are not available, the well density
was ignored. For the gas experiment, an empirical-analytical approach was
used to predict the respective gases' potential well density. The volume rate
(cm3) is normalised by the equivalent pay zone (cm) of the core samples, and
a single well model was assumed. In this way the normalised volume (now
the gas sweep area, cm?) coupled with the single well model gives a measure

of the well density.
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2.3.3.2 EOR Well Patterns and Placement

An attempt has been made to investigate how well patterns could affect EOR
projects' performance. Well pattern or topology could be considered the
distinct spatial arrangement of wells in a field as a single system. According
to Duda and Il (2010), Zhang et al. (2015), Shepherd (2009), Slatt (2013a)
and Zou et al. (2011) well patterns bear useful information regarding the
locations, spacing, density and ratio of the producer to injection wells. The
common normal and inverted well patterns are shown in Figure 2-10 as 5-
spot, 7-sport and 9-spot. Each pattern was created with a similar scale. The
visual intensity of the injected fluid indicates that the normal patterns
propagate the injected fluid more effectively, and the normal 9-spot pattern
is relatively better. Holm (1980) had earlier posited that well patterns could
be tailored to optimise EOR application efficiency. Ahmed (2006) further
suggested that well patterns can be tailored around directional permeability
trends to improve sweep efficiency. Since permeability variation or
heterogeneity could be a significant factor for EOR performance, it, therefore,
follows that EOR methods could respond differently to the respective well
pattern. For gas EOR, this research was designed to identify the respective
gas performance in scenarios that range from pore size variability, porosity
and permeability contrast. The knowledge from the experiments and data

mining was coupled to explain how well pattern could affect gas EOR process.

El Ela and Sayyouh (2014), Holm (1980) and Duda and Il (2010) had claimed
that well pattern modelling could be used to optimise EOR methods in
general, but the authors fell short of describing the details. For example,
whether EOR methods can be uniquely associated with well patterns. The
effect of well patterns was also reported with respect to a CO; EOR
implementation at the SACROC field in the Permian Basin, United States.
Walzel (2017) emphatically stated that by targeting the well patterns
production in the SACROC field, oil recovery was tripled.

A mathematical analysis of the well compositions in regular well patterns
shown in Figure 2-10 reveals that the ratio between the injection wells (W)

and production wells (W;) are usually within a certain range for different well
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patterns, regardless of the number of repetition (reoccurring unit cells) within
the pattern block. This preliminary analysis reveals the possibility for each

category of well pattern to be uniquely expressed by arithmetic or geometric

series.
Production Well Injection Well Unit Pattern Cell Injected Fluid
2 ‘
Direct Line Drive Staggard Line Drive

Figure 2-10 Regular Well Pattern showing a different arrangement of production and injection.
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Such understanding could be implemented in screening models to:
I. Identify and categorise well patterns that are often implemented for
certain EOR processes.
II. Pre-empt the selection of EOR methods that would be most agreeable

to the existing well pattern.

Such knowledge is expected to facilitate the association of well patterns to
EOR processes and the manoeuvrability or convertibility of one well pattern
to fit prospective EOR processes. In Figure 2-10, a 9-spot unit can be
converted to 4 sets of 5-spot units by changing the existing centre production

well to an injection well and then drilling four infill wells inside the 9-spot unit.

Consequent to the possible effect of well pattern on EOR methods
performance, a simple dimensionless quantity called Pattern Predictor (Pp)
has been presented in in Eq. 2-75. It relates the number of injection well, Wy,

required to service a production well, Wp in the pattern matrix.

X Wi

P, —
PN Wy

2-75
Eg. 2-75 can also be considered a measure of the Well Ratio Index. It is
expected that if the investigation of P, shows clustering behaviour in an EOR
database and if it further correlates significantly with other reservoir
parameters and properties, then an engineering case could be made to

consider well pattern in EOR screening criteria.

Before now, the general practice is to determine the well requirements for a
selected EOR method at the Reservoir Simulation Phase (Rotondi et al.,
2015). However, this research attempts to make it possible for engineers to
estimate the most optimised patterns for each EOR method, given a reservoir
with known conditions. A rigorous attempt was made to develop a
mathematical series or sequence from the various well patterns in Figure 2-10
(using oil field data of EOR projects and experimental data), which could then
be used to confidently predict well patterns of an unknown field, given the
well data of the field. 1st, 2" and 3™ order mathematical sequence

approaches have been tried, but these have not yielded useful results.
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It is assumed that a predictive sequence could be achievable through
appropriate mathematical operations or programming. Duda and Il (2010)
buttress this possibility when they stated that the ratio of injectors to
producers and their relative position to one another indicates the type of well
pattern formed. In the meantime, combining the Eq. 2-75 and Figure 2-10
suggest that an EOR process that has P, < 1 indicates an inverted well pattern
or topology is implemented or favourable to that process (i.e., more producer
wells than injection wells). Where P, > 1, it means the well pattern is a normal
one. Where Pp<1, it implies an inverted (i.e., less producer wells than
injection wells). The well pattern characterisation has both economic and

technical implications.

By the recovery factor and injected volume principle, normal pattern could
engender higher micro and macro sweep efficiency of the reservoir at a
shorter time frame than the inverted pattern. It is also instructive to note
that the normal well pattern implies relatively high injectant cost as can be
visually and qualitatively observed when the intensities of the injected fluid
of the normal and inverted cases in the seven-spot pattern are compared
(Figure 2-10). Furthermore, producer well encounter more operational
problems and undergo more workover (i.e., maintenance) than injector wells
(Holditch, 1992, Gidley 1992, Osborne 1992, and Robinson 1992), therefore,
EOR technology and process that favour inverted well pattern would
invariably incur higher cost and technical burden than EOR technology and

process that use normal well pattern.

Consequently, the optimisation goal, therefore, is to minimise the technical

and cost impact of P, during the screening and selection of EOR process.
Data Acquisition

The data for this analysis was obtained by plugging field data of injection and
production wells into Eq. 2-75. For the EOR gases, a qualitative approach was

used to predict the potential well pattern.

78 | Page



2.3.3.3 EOR Cost and Facility Description

It is expected that different EOR methods would share similar and also
peculiar cost and facilities requirements (Abunumah, Ogunlude, and Gobina
2021b). This section is to study the relative facility needs unique to gas EOR
methods. The utility of this analysis is both technical and economical
(Babadagli 2020, 2007). It would allow decision-makers to compare, in
advance, their asset capacity to withstand the facility incidental to a proposed
gas EOR method and the attended economic feasibility. CO, EOR, for
instance, would require a separate pipeline grid to network CO; gas between
anthropogenic sources and reservoirs implementing CO, EOR (Spinelli et al.
2012), especially for fields outside the US Permian basin or where there are

no existing or pool-able infrastructure.

In contrast, CH4 can use the existing natural gas grid to get the injectant to
reservoirs implementing CH4 EOR. These are some of the operational, logistic
and cost discriminations among CH4, N2, Air and CO; implementation. Some
of the identified facility needs of EOR in general are: power, space, pumps,
compressor unit, and separation units (Putnam 2013). Suffice to state that
offshore and onshore oil fields' facility requirements would differ significantly
due to peculiar constraints in an offshore environment, such as space and

isolation.

Economic optimisation is the definitive aim of EOR engineering management.
EOR projects are found to be sensitive to the oil price, fiscal incentives and
complex oil recovery cost (Babadagli, 2020, 2007, El Ela and Sayyouh 2014
Compernolle et al., 2017, Welkenhuysen et al., 2018, Kemp and Stephen
2014, and Zekri and Jerbi 2002). A qualitative inspection of Figure 2-11
shows a time lag correlation between the number of new EOR project
execution and oil price stability and security. Oil price and EOR project cost
are essential variables for evaluating profitability optimisation. Therefore, the
competitive cost of a gas EOR process can be an incentive when juxtaposed

with the oil price reality in Figure 2-11.
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EOR Project Response to Oil Price
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Figure 2-11 Showing historic EOR project response to the oil price.

Pershad et al. (2012) made comprehensive cost modelling for CO; EOR in the
North Sea. Zekri and Jerbi (2002) presented an economic evaluation for CO>
and CHs. It is found that the EOR cost is categorised into CAPEX and OPEX.
The injectant cost is often treated as a major cost element separate from the
OPEX by some authors (Zekri and Jerbi 2002, Pershad et al., 2012 Babadagli,
2020). In Zekri and Jerbi (2002) economic evaluation of CO, and CH4, CO>
CAPEX was three times more than CH4 CAPEX. In contrast, CH4 ($5.41/bbl)
cost per barrel of oil produced was two times higher than for CO;
($11.59/bbl). The OPEX was approximately the same ($1.40/bbl). Bahadori
(2018) has a higher value for CO; EOR oil at $20/bbl. Roefs et al. (2019), in
their analysis, mentioned the threshold cost of CO; that would make the
project economical. Beyond this cost, CO, becomes unprofitable. The cost of
infill wells would be significant, but the injectant cost might be sovereign to
it (Zekri and Jerbi 2002, Putnam 2013). Meyer (2007) stated that the injected
CO; gas cost can account for up to 68% of total implementation cost. Gas
EOR comparison investigation is very scanty in published literature. This
research offers a cost comparison for the four EOR gases from the field and
experimental data. A cost model has been proposed in Table 2-2 based on
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Zekri and Jerbi (2002), Pershad et al. (2012). The cost model was used to

evaluate the gas EOR competitiveness.

Table 2-2 Cost Model for the competitive analysis of immiscible gas EOR execution.

S/N Cost/Revenue Cost/Revenue Base Link Description and

Centre Element Value Remark

New infill wells are
required to match up
well pattern and

$million/ density for gas

well injection and oil
production. It
depends on the gas
EOR process.

Conversion/upgrade
of existing wells

New Well CAPEX 27

1 CAPEX .
. of New either for gas
Existing Well o I S |
conversion CAPEX 40% We |n]ect|or_1 or oi
CAPEX production due to
well pattern
reassignment.
$million Injection/recycling
L . system such as
Injection/Recycling 27 per Mt of
) compressor,
Unit Capex peak gas
> separator and
recycling storage.
of It depends on
Platform OPEX 5% platform in'ec?ed as
CAPEX ] 9
Include maintenance
. of well of well; depends on
2 OPEX tiel 02 e CAPEX well density demand
of EOR process.
Depends Cost of getting a
F[lerirr]magsaescost on EOR iéto:sne fresh supply of gas to
P gas 9 the EOR fields.
Including planning,
. - O of total and Front-End
3 Planning Cost Planning Cost 5% CAPEX Engineering and
Design (FEED) study
Pershad et al. (2012)
suggested a
decommissioning
cost of 0.6 $/bbl. of
Decommissioning 0.6 $/bbl. Of = OOIP based on the
Unit Cost ' OO0IP empirical data from
4 ABEX Miller oil field
decommissioning
costs. It depends on
the gas EOR process.
Incremental of total Due to the additional
decommissioning 15% CAPEX platform, wells and
cost of gas EOR other infrastructure
5 Revenue Oil Price $47 Per bbl. Brent @ 01/01/2021
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Data acquisition

Oil price information of January 1%, 2021 for Brent crude was obtained online

from msn.com (https://www.msn.com/en-gb/money/stockdetails/fi-

auvwzr). Brent crude was selected as the base oil because it is a light oil with
an API gravity (39) value that is fairly close to the average API value in the
field database (36) used in this study.

The research used BOC (https://www.boconline.co.uk/en/index.html) gas

pricing quotation of January 1%, 2021. The price of the four EOR gases present
in Table 2-3 has been normalised to the United States dollars as of January
1%t, 2021. BOC is a UK company that supplies industrial-grade gas at industry

prices.

Table 2-3 Price of EOR gases used in the experiment and EOR economic evaluation.

Gas CH,4 N> Air CO:>

Unit price, ($/cm?) 4.5E-05 5.7E-06 6.1E-06 3.4E-06

Potential injected gas volume was obtained explicitly from experiment data.
Potential oil production volume was acquired by coupling experimental
displacement efficiency, sweep optimisation parameter, and gas flow rate.
This approach is based on previous investigators’ conclusion that produced
oil rate is proportional to EOR injectant volume rate and inversely related to
mobility (Ahmed 2010a, Holstein 2007, Wang 2013, and Zou et al., 2011).

2.4 Contribution to Knowledge and Practice

This research was designed in response to the shortcoming identified in
existing EOR technology selection approaches as highlighted by authors, such
as Lee (2010) and Delamaide et al. (2014a) and further emphasised by
Ghoodjani and Bolouri (2015), Kang et al. (2014) and Al-Mayan et al. (2016).
It was also designed to expand the experimental perspective of the gas EOR

study. A special focus and detailed consideration were apportioned to
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immiscible gas EOR. One of the reasons for this focus is because immiscible
gas EOR is the least reported and represented in EOR in screening models
and software that have been inspired by the works of authors, such as Taber
etal. (1997), Guerillot (1988), Surguchev and Li (2000), Trujillo et al. (2010),
Saleh et al. (2014), Nageh et al. (2015) and Kang et al. (2014). Therefore,
in satisfying the research aim and objectives, the following contributions to

knowledge and practice have been made.

2.4.1 Contribution to Knowledge

I. This research has provided useful insight into EOR gases'
competitiveness with an extensive validation of observations in EOR
applications.

II. The research was able to identify additional parameters and quantities
that have both economic and engineering utility, and that should be
considered when selecting EOR technology and gases. Parameters, such as
well density, have not been previously considered by other authors in EOR
screening criteria.

III. The relationship between single-phase and multi-phase flows that
could be useful for comparing fluid flow has been derived through the
analytical method. Future researchers can apply this knowledge beyond the
reservoir engineering field to fields such as Trickle-Bed Reactor, Catalytic
Membrane Reactor, and Industrial Gas Separation process.

IV. The work has derived some useful equations for gas flow studies, some
of which are shown in Table A 1, APPENDIX A.

V. The effect of the mixture on the mobility of injectant gases has been
presented. The function of this knowledge is that it provides an understanding
of how injectant's performance, such as N, can be affected when in contact
with in-situ reservoir gases, such as CHs, during oil immiscible gas EOR.

VI. The research has provided a solution for the effect of temperature,
molecular weight and other gas thermodynamic properties on intrinsic gas
mobility and EOR performance.

VII. The research has proposed a Sweep Optimisation Parameter (SOP) for

evaluating the oil recovery competitiveness of Immiscible Gas EOR.
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VIII. Before now, EOR reservoirs have not been simultaneously
characterised for velocity, momentum, Well density and mobility for all EOR

gases. This research offers these characterisations.

2.4.2 Contribution to Industry Practice

I. Before now, EOR gases have been lumped up together as ‘immiscible’
in EOR screening criteria by authors. There is a general lack of screening
criteria that compares the gases. For immiscible gas EOR, unlike other EOR
processes, engineers cannot promptly identify what gas to select amongst
the four EOR gases based on their respective potential performance.
However, this research has contributed and provided a screening model that
segregates the individual gases (CO2, N2, and CH4, Air) in immiscible gas EOR.
As suggested by this study, engineers can now select a gas for further
investigation based on the reservoir suitability and potential to perform.

II. The sensitivity and criticality markers added to the newly developed
screening criteria would help reservoir engineers appreciate their circle of
influence and control with respect to important EOR performance parameters.
ITI.  Furthermore, it has been able to use experimental methods to provide
a performance matrix for engineers to evaluate potential oil recovery and
control performance.

V. With the well density criteria introduced, engineers would now be able
to make informed decisions on which EOR process can optimise already
insisting well assets in a field. This application is important because it would
significantly save the cost of drilling new infill wells that would not have been
necessary had the well density optimising EOR process been selected.

V. The findings from this research lend themselves to applications in

analogues industries such as the petrochemical industry.
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2.4.3 Contribution to Journal Publication and Conference
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4. Abunumabh, O., Ogunlude, P. and Gobina, E. 2021. Cost description and

characterisation of gas enhanced oil recovery processes. In 2021 TUBA
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Sciences

. Abunumah, O., Ogunlude, P. and Gobina, E. 2021. The effect of
pressure and porous media structural parameters coupling on gas
apparent viscosity. In Proceedings of the ICANM 2021: 8th
International conference and exhibition on advanced and
nanomaterials 2021 (ICANM 2021), 9-11 August 2021, [virtual
conference].

. Ofasa Abunumah, Priscilla Ogunlude, Edward Gobina. Mathematical
modelling and experimental investigation of the gas flow in porous
media for enhanced oil recovery processes. 2nd International
Conference on Analytical Chemistry and Chromatography Methods to
be held November 20-21, 2019, in Berlin, Germany.

. Ofasa Abunumah, Priscilla Ogunlude, Edward Gobina. The
Experimental Investigation of the Effect of Operating Temperature on
Gas Flow Mobility in Ceramic Membrane. 36th Global Conference on
Smart Materials and Nanotechnology to be held November 18-19,
2019, in Rome, Italy.
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2.4.5 Accepted Paper

1. Ofasa Abunumah, Priscilla Ogunlude, Edward Gobina. The Interstitial
Energy of Immiscible Gas Enhanced Oil Recovery (IGEOR) Gases in
Porous Media. Journal of Chemical Engineering and Process
Technology.

2. Ofasa Abunumah, Priscilla Ogunlude, Edward Gobina. Experimental
Validation of The Well Density Profile for Immiscible Gas Enhanced Oil
Recovery Projects. Journal of Chemical Engineering and Process

Technology.
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3. Ofasa Abunumabh, Priscilla Ogunlude, Idris Hashim, Florence Aisueni,
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Effect Of Reservoir Temperature On Carbon Capture And Sequestration
(Ccs) Characterisation. International Conference on Studies in
Engineering, Science, and Technology (ICSEST) is scheduled for
November 11-14, 2021 in Antalya, Turkey.

4. Ofasa Abunumah, Priscilla Ogunlude, Idris Hashim, Florence Aisueni,
Evans Ogoun, Samuel Antwi, Muktar Ramala and Edward Gobina.
Effect Of Reservoir Structural Rhythm On Carbon Capture And
Sequestration (Ccs) Performance. International Conference on Studies
in Engineering, Science, and Technology (ICSEST) is scheduled for
November 11-14, 2021 in Antalya, Turkey.

5. Abunumah Ofasa, Ogunlude Priscilla, Gobina Edward. A Novel
Experimental Method for Characterising Nano Insulating Materials
(NIM) And Infill Gases. AVS 67th
International Symposium & Exhibition (AVS 67), is scheduled for
October 24-29, 2021, in Charlotte, North Carolina.

6. Abunumah Ofasa, Ogunlude Priscilla, Gobina Edward. Cost Description
and Characterisation of Gases used in immiscible gas Enhanced Oil
Recovery processes (IGEOR). AVS 67th
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International Symposium & Exhibition (AVS 67), is scheduled for
October 24-29, 2021, in Charlotte, North Carolina

. Abunumah Ofasa, Ogunlude Priscilla, Gobina Edward. Experimental
Characterisation of Kinetic Temperature Acquisition of Common
Industry Gases in Nano Spaces (<100nm). Sixth International
Conference on Fossil and Renewable Energy” (F&R Energy-2022) is
scheduled for February 15-17, 2022 in Houston, TX, USA.

. Abunumah Ofasa, Ogunlude Priscilla, Gobina Edward. Well Density
Characterisation of Enhanced Oil Recovery Technologies and
Reservoirs, Sixth International Conference on Fossil and
Renewable Energy. (F&R Energy-2022) is scheduled for February 15-
17, 2022 in Houston, TX, USA.
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Chapter Three

3 METHODOLOGY

3.1 Approach

The methodology used to achieve the aim and objectives set in this research
invokes synergy from two broad engineering investigation areas. Four
approaches have been identified for investigating engineering processes.
These are empirical, analytical, numerical simulation, and laboratory
experiments. Chen (2007) has written extensively on each approach's merits

and suitability.

After an extensive review of methods applied in various research and
reservoir studies, two empirical approaches were selected: a data mining
approach comprising analogical and mathematical analysis of empirical field
data from global EOR projects and a laboratory experimental approach
comprising PVT analysis of EOR gases’ physical and thermodynamic

properties in conditions analogous to reservoir conditions.

Consequently, the research was designed and carried out in two phases. The
first phase saw the identification and characterisation of parameters for
immiscible gas EOR using data mining techniques. The second phase involved
the characterisation of EOR gases and validating the data mining results for
immiscible gas EOR, using experimental techniques. The third phase, which
is mostly intertwined in the second phase, entails analogical validation
techniques. In this phase, the results from the two previous phases were
coupled and extensively discussed to extrapolate key findings to reservoir
scale and demonstrate how the findings explain the phenomena behind EOR

theories and practices.
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3.1.1 Analogical Method:

Here, the reservoir's petrophysical properties under investigation are
compared to the properties of an analogous EOR reservoir to predict the
suitability and performance of the EOR process (Chen 2007). This method
could also be applied to scale up laboratory findings and properties to
reservoir environment just as much as it could be used to scale up findings
from data mining (Wheaton 2016, Jordan 2015 and Abu-Elbashar et al.
1990). In this study, the analogical method has been extensively applied. It
was applied to create a benchmark for EOR screening criteria, validate and
couple data mining and experimental results for the respective engineering
quantities, parameters, and properties investigated. It was also used to

compare EOR screening models

3.1.2 Mathematical Method:

Chen (2007) identified the mathematical model as the most used classical
reservoir engineering method for predicting a wide variety of reservoir
applications. The techniques under this method include material balance,
decline curve, analytical and statistical processes. Since the research involve
a significant amount of data to develop a representative EOR screening
model, the statistical technique was adopted in phase one. The adoption of
this technique is due to its compatibility with the data analysis of databases
and experimental results. Some authors have applied this method to evaluate
and characterise reservoir processes, such as EOR recovery and viscous
fingering (Pruess 1991).

3.1.2.1 Analytical

The analytical process makes it possible for engineers to apply theoretical
and empirical equations to solve real problems. One can combine several
equations of state to derive new engineering quantities using techniques such
as dimensional analysis. The principles are quite familiar and straightforward.
Analytical processes are fundamentally based on continuum mechanics, a

subject that aptly unifies solid and fluid mechanics, thermodynamics, and
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heat transfer, all of which are a material consideration in this study. It is used
to validate principal engineering laws of conservation of mass, the balance of
linear momentum, the balance of angular momentum, and balance of energy
(Pilvin 2019, Andri et al., 2017, Sadd 2018, Bergstrom 2015,
Chandrasekharaiah and Debnath 2014, Malkin 2012, Risby and Hamouda
2011, Berker 2002, and Coratekin, et al., 1999) This study extensively
utilised these processes in deriving missing data and quantities that are

impractical to measure physically.

3.1.2.2 Statistical and Machine Learning

Although statistical and machine learning are both data mining techniques,
the former has the advantage of being interpretative while the latter has its
strength in being predictive, such as neural networks and fuzzy logic (James
et al., 2013, Chen 2007, Hastie, Tibshirani, and Friedman 2009). However,
unlike other fields where output is the most important outcome, in
engineering, understanding processes, associations, correlations, and
structure of the data are as important as predicting the outcomes. Such
understanding often leads to better control and engineering of processes for
optimisation. To this end, unsupervised statistical learning has been
suggested by James et al. (2013) and Hastie, Tibshirani, and Friedman
(2009). Their suggestion was applied to the database to identify the critical
relationship and correlations that affect the performance of EOR. Chen (2007)
stated that to improve confidence, reservoir properties must be within the
regression database limit used to develop the empirical correlation model.
Consequently, the objective here is to develop an empirical correlation model
with data from implemented EOR projects across the globe and then apply a
generalised analogical method to screen other reservoirs with analogous
properties. Manrique, Kitchen and Alvarado (2009) referred to this type of

exercise as experience-based guidance for EOR screening.
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3.1.3 Experimental Method:

Gerbe and Green (2008) identified three types of experiments as-field,
laboratory and natural experiments. Laboratory experimental investigations
in reservoir engineering offer the opportunity to discover the existing
relationship between rheological properties and flow conditions for fluids

within a porous media (Yu-shu and Karsten 1996).

After identifying an engineering problem, it is often required to find solutions
within a deductive domain. This could be achieved by firstly identifying the
qualities and properties of the engineering problem. Consequently, the
specific instrumentation and operations required to control, measure and
predict the cause and effect of the qualities and properties can then be set
up within the confine of available technology (Nesselroade and Cattell 2013,
and Ghani 2014). Experiments are usually accompanied by data analysis. It
involves examining the raw data, applying appropriate statistical and
mathematical techniques to identify the existence of significant relations
among the properties in the problem domain, and translating these relations

to the solutions domain.

According to Thorbes (2008), unlike field experiments or empirical methods,
the laboratory experiment is a cost-effective approach to quantify processes
and examine the boundary application of existing analytical theories and
numerical simulation solutions. Furthermore, the experimental model allows
a wide range of parameters to be varied and investigated (Lane-Serff 2001),
unlike the empirical method. Therefore, the laboratory experiment could be
a valuable method for testing and validating predictions in reservoir
engineering. The process often leads to discovering new phenomena that
require theoretical explanation or the updates of existing models through
constants of proportionality (coefficients). Therefore, fluid dynamics need to
relate theory to reliable application (Thorbes 2008). In this study, the
experimental results were extensively used to couple gas PVT behaviour to
enhanced oil recovery in the reservoir. Although the full similarity between

laboratory experiments could be difficult to achieve due to real systems'
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complexity nevertheless, in this study, care was taken to conduct the
experiments with reservoir conditions as the motive. Where required, sound

engineering assumptions were made.

A significant number of authors have used this method for PVT analysis of
gases and reservoir systems. Amirkhani, Harami, and Asghari (2020),
Ogunlude et al. (2019), and Ogunlude, Abunumah, and Gobina (2020) have
used experimental methods to characterise gas separation in porous media.
Rashidi and Nasirian (2019) experimented with the transport properties of
CH4, N2, and CO; in composite membranes with temperature variation. In the
literature review of authors such as Nesselroade and Cattell (2013), and
Ghani (2014), and Cash, Stankovi¢, and étorga (2016), it was discovered
that there are certain milestones an experimental engineering approach
should fulfil. Consequently, this experiment was designed to fit into these

requirements, as shown in Table 3-1.
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Table 3-1 Essential phases of engineering experiment applied in this research.

S/N Experimental Phases Research Remark

I. Problem Domain Immiscible Gas EOR Screening Criteria and Gas

Definition Competitiveness Evaluation.

I.  Parameter description and Criteria development, petrophysical properties
Properties functions relevant to the problem domain and equation of

state- Darcy, Buckley-Leverett and Welge

equations.

lll.  Design and Planning, Apparatus layout, Materials, Equipment,
Instrumentation and Quality Control.

IV. Conditions and Control Laboratory conditions, parameters boundary,
definitions, and assumptions, and limitations based on milestones
Operations initiation I, I, and IIl.

V. Data generation and Numerical and qualitative observations.
records

VI. | Analysis and validation Statistical and mathematical techniques, cause

and effect mapping, the existence of significant
relations, errors, assumptions.
VII.  Solution Domain Functional Screening Criteria, EOR Gas

Performance Characterisation.

3.1.4 Study Area and Scope:

The study area comprises global EOR fields, as reported in oil and gas industry

documents. The experiment is limited to gases used in immiscible gas EOR.
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3.1.5Data Type:

The data used for this study are both primary and secondary. The data sets
were mostly reservoir petrophysical parameters and properties, such as
permeability, oil viscosity, saturation and API gravity, as well as physical and
thermodynamic properties of gases. Yongxiang (2014) stated that data
preparation is an important foundation for data mining. Accordingly, care was
taken to prepare the data involved in this study properly. One of the
challenges from the available data was that they were from different sources,
thus were presented in different unit systems, such as the volume of oil being
computed as barrels of oil equivalent (boe), metric ton, and Cubic metre (m3).
These unit systems were resolved to a standard unit using conversion factors.
Also, there were some missing data in some records. Where missing data
includes critical parameters, and no reliable correlation is available for
estimating the unknown data from the known parameters, such records were

discarded from the analysis.
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Chapter Four

4 PHASE I: DATA MINING EVALUATION OF
EOR GASES

4.1 Overview

Parameter and property categorisation is essential to design an appropriate
engineering experiment. The importance is reflected in Table 3-1 as one of
the phases for this research. Since the problem statement is industry-based,
it was important to elicit the required parameters from the empirical industry
database. This is the primary purpose of the data mining phase. At the end
of this phase, this study was able to apply statistical tools to identify key
parameters that determine the selection and performs of EOR processes in a
reservoir. These parameters were then characterised and applied to develop
two set screening criteria: one for gas EOR selection and the other for further

experimental investigation.

4.1.1 Procedure for Data mining

It is noted that database comprehensiveness and integrity are essential for
developing an extensive and reliable data mining model (Rostami et al., 2019,
2020). Therefore, cautious attempts were made to fulfil these criteria in the

data collection and processing exercise.

4.1.1.1 STEP 1: Data collection

I. EOR projects data were collated from various surveys and journals,
such as the Oil and Gas Journal’s Global EOR Survey, Canadian journals, and

EOR Survey conducts in places like the North Sea, China and Brazil.
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II. A total of 484 EOR projects were collated, 354 were used for various
analyses. While 30 were assigned for validation of the screening model.

III. Some data were reported in different units and formats. These were
reformatted and unified by applying the appropriate conversion factor.

IV. Where parameters were reported as a range, such as permeability, the
range's simple arithmetic average was computed. Saleh et al. (2014) has also
used this method in a similar reservoir data study.

V. A visual and software inspection of data was conducted to eliminate
data inconsistency and errors. Two types of errors that were mostly identified
were: Data field with a bogus or impracticable value, such as a reservoir
porosity being reported as 300%. However, porosity is never up to 100%
(Rick and Diana 1993); and data field with a wrong data type, such as having
a string value in an integer data field.

VI. A Global EOR Database (GED) was then produced.

VII. Using Conditional Functions in Microsoft Excel, the data were checked
and cleaned for duplicity and redundancy. This way, statistical bias from
repeated data would be eliminated.

VIII. An excel algorithm was run to document the data count for each
reported quantity.

IX.  Another database was created called the Global EOR Database by EOR
technologies and process categories (GEDT). The database was divided into

nine EOR, four EOR technologies, and four immiscible gas processes.

4.1.1.2 STEP 2: Handling of Missing Data

The EOR project records collated were observed to have some missing data
(mostly petrophysical parameters) necessary for a balanced and robust
analysis. Imputation and correlational functions, as suggested in Olinsky,
Chen, and Harlow (2003), Jerez et al. (2010), Sanchez-Minero et al. (2014),
and Will (2019), were the two main methods used to overcome the missing
data challenge significantly. Where practicable, missing petrophysical
parameters were estimated from established industry correlations. For
instance, reservoir records with missing viscosity were estimated using

Naseri, Nikazar, and Dehghani (2005) API-Viscosity correlation. Missing
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reservoir temperatures were estimated using reservoir depth and
temperature gradient (Forrest, Marcucci and Scott 2005, Harrison and
Chauvel 2007).

4.1.1.3 STEP 3: Parameters and Derivations

As discussed in this report's preceding subsections, previous studies (Saleh
et al. 2014, Kang 2014) only investigated certain reservoir petrophysical
parameters. It ranges from 6-9 parameters. However, in this research, the
parameter domain was expanded to include some combinatorial quantities

such as intrinsic mobility and well density.

4.1.1.4 STEP 4: Statistical Operation

Statistical operations were carried out on the database to discover essential
patterns, trends, relationships, and references. Such operations would
identify the mean values of reservoir parameters that are useful as a
benchmark for making analogical references between established EOR
reservoir projects and a prospective one. Where applicable, coefficient of
variance (CV) was applied to determine and compare the criticality and
sensitivity of parameters in the data distribution (Hou et al., 2016), thereby
enabling the streamlining of the EOR selection process to suit the reservoir
of interest closely. Furthermore, the statistical operations were applied to
explain and update EOR theories; and, most importantly, improve the
engineering of EOR processes. The following statistical tools and data mining

techniques have been extensively applied in this study.

I. Mean

I1. Standard Deviation

III.  Coefficient of Variation

IV.  Coefficient of determination
V. Maximum and Minimum

VI. Scaling and Normalisation
VII. Interquartile Range (IQR)

VIII. Clustering and Classification
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4.1.1.5 STEP 5: Data Presentation and Visualisation

According to Lindsay (2016), data visualisation offers unique access to data
analysis. It facilitates the sharing of insights among data users and
understanding the information in a data set. In visualizing their results, some
authors, such as Saleh et al. (2014), have used a histogram to investigate
patterns and trends in the EOR database, while others have used data
clustering, or a mix of both, such as Taber et al. (1997) and Siena et al.
(2016). Data clustering was the main data visualisation approach used in this
research because the study was interested in capturing trends, range-

bounds, absolute limits, and technological evolution.

4.1.1.6 STEP 6: Criticality and Sensitivity Tests

These tests aim to discover parameters critical to various EOR processes and
those with high tolerance or variance. The Coefficient of Variation (CV) was
significantly applied here because it can be used to measure sensitivity (Hou
et al., 2016). A parameter could be considered high tolerance if the
observation points are scattered enough to represent the database's
universal dataset significantly. For instance, the permeability range for the
immiscible gas EOR process can be compared against the universal set of
permeability distribution. If a particular parameter is tightly clustered for a
particular EOR process, it could be satisfactory to argue that such parameter
is critical to the EOR method, and therefore, the process performance is
sensitive to deviation from the cluster centre. For instance, Taber et al.
(1997) stated that depth is critical for miscible gas EOR; however, depth is
not considered critical for immiscible gas EOR.

Consequently, it is expected that depth should be tightly clustered around a
certain range-bound for most miscible gas EOR implementation than for
immiscible gas EOR. However, where an observation does not match the
previous author’s screening model, theory, or claim, other journals and
engineering investigations were conducted to reconcile or explain the
disparity. This technique was also employed in assessing the experimental

phase results.
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4.1.1.7 STEP 7! Correlations and Coefficient of
Determination Tests

These tests are conducted to identify the relations between petrophysical
parameters and discover pairs of critical-critical parameters, critical-non-
critical parameters relationships. These relationships aided in reducing the
dimensionality of the screening criteria and parametric redundancy. If two
parameters, A and B, have significant covariation, then A could represent B
in the screening process (instead of using both A and B), that is, if certain
conditions are met. Such conditions would include whether B is a determinant
of a third parameter C, then C interaction with B must be analogical to C
interaction with A; otherwise, A cannot be considered to universally

representing B. Lindsay (2016) called this the rule of causality.

4.1.2Limitations, Constraints, and Scope of Data mining

Approach

Concerning, data imbalance, some EOR methods have more data points than
others which might influence or tilt the balance of comparison between EOR
methods. Some parameters which may be important, such as reservoir
thickness, were not available in a great proportion of the data set. Other
statistical problems include the management of outliers in the dataset. Where

applicable, percentiles were applied to mitigate the problem of outliers.

4.1.3 Accuracy and Errors

A rigorous effort was made to scrutinise data during collation and processing.
It should be noted that the data used in this phase are secondary data from
third-party published and publicly available datasets. Correlations used to
mathematically estimate values are well known and cited correlations.
Overall, the accuracy and integrity of these data and correlations are to the
extent that they were peer-reviewed before publication. Furthermore, the
researcher extensively compared several engineering principles and EOR

before settling for the ones that sufficiently describe the study's context.
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4.1.4 Engineering Assumptions

Engineering assumptions were taken seriously. The work of other authors set
the tune for the engineering assumptions considered. It is assumed that data
derived from reservoir engineering correlations, such as the Pay zone of some
reservoirs, are significantly correct in the real term. It is expected that the
reservoir systems significantly obey continuum mechanics. It is assumed that
the principles applied best fit the context of the application. A rigorous validity
test was made before any equation of state or principle is applied. For
example, the condition for Hagen-Poiseuille EOS to be valid, according to
Zhang and Kazunori (2018), is laminar flow, that is, Reynold number, Re,
value under 2000. Tecs (2020) mention that this condition is such that the
ratio of the length, L, to diameter, 2r, of the capillary should be greater than
1/48™ of Re as shown in Eq 4-1:

=2 4-1

r 48

Furthermore, the study assumes immiscible gas displacement of oil by gas.
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Chapter Five

5 DATA MINING RESULTS AND DISCUSSION

5.1 Overview

In this chapter, results and engineering understanding of findings were
depicted after a series of critical analyses of the EOR database, using
engineering and data mining methods. Some of the EOR parameters reviewed
in the literature review chapter have been investigated and reported in detail.
In contrast, some other parameters have been lightly discussed or put aside
for further in-depth discussion in the experimental phase. This section begins
with a general outlook of EOR technology, then was subsequently narrowed
down to principal factors for immiscible gas EOR and how to advance the

selection of EOR methods.

5.2 Objectives Achieved
The following objectives have been achieved in the proceeding section:

I. EOR parameters have been characterised as required in Objective I.

II. Existing EOR Screening Models have been revisited, and a new set of
criteria and screening models produced.

III. EOR performance parameters and properties have been empirically
determined and selected for the experimental phase as required in

Objective 1.

At the end of this chapter, it is expected that the ‘Screening Phase’ of Rotondi

et al. (2015) flowchart would have been revealed.
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5.3 Data Summary of Phase One

In this phase, 10,850 reservoir petrophysical data from 485 EOR projects
across the world have been collated and extensively investigated in the

following sections. The data are publicly available secondary data.

5.4 EOR Projects overview

The EOR Survey generated records for 485 EOR projects globally, of which
347 are Gas EOR, 68 of which are immiscible gas EOR projects. The United
States has the highest EOR projects at 65%. CO, EOR is the most
implemented gas EOR method, while N; is the most implemented immiscible
gas EOR method.

Figure 5-1 has been used to describe EOR parameter variabilities (variances)
on a semi-log graph. This mean weighed variances measured here indicate a
domain for each EOR parameter. The graph is important because it could be
regarded as a measure of the probabilistic discrimination or convergence that
exists within the respective parameter dataset. In the graph, parameters that
are <1, such as reservoir temperature, are considered low-variance
parameters; therefore, the probability of the EOR process being discriminated
against with respect to this particular parameter in the dataset distribution is
low. While those parameters that are >1, such as viscosity, are high-variance,
implying that the chances of discrimination are high. Viscosity and oil mobility
have relatively high variation index; therefore, the likelihood of these
quantities being segregated according to EOR processes is high. If there is no
significant dispersion in a distribution, it means all members (EOR Processes)

in that distribution share similar features. Therefore, they cannot be a
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discrimination measure to question or uphold. Figure 5-1 was instrumental in

preparing the expectation from subsequent data analyses.
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Figure 5-1 Graph showing the dispersion of EOR parameters as a predictor for the probability

of parameter segregation and discrimination across and within EOR technologies.

5.5 EOR Parameters Clustering

The field data have been presented in a cluster format. There are 4 cluster
demarcations in each graph. Each cluster represents an EOR technology or a
process. Each data point on the graph cluster represents a field data value
for a reservoir quantity, such as reservoir permeability. The y-axis bears the
numerical value range for the quantity. While the x-axis does not bear any
numerical values, it is just a holder for reservoir frequency. Consequently,

values are read off the y-axis.
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5.5.1 Reservoir Rock Parameters

The permeability distribution of EOR projects implemented from 1960 to 2013
reveals interesting clusters and permeability evolution over time for certain

EOR applications.

5.5.1.1 Permeability

Figure 5-2 a and b show that few EOR technologies and processes are
relatively segregated along with the reservoir permeability. In Figure 5-2a,
Chemical, MEOR, and Thermal all occupy different sections of the
permeability spectrum. Thermal occupies the higher end of the spectrum. In
comparison, Gas EOR have the widest spread or range of permeability. The
quality of the spread suggests that Gas technology can be implemented in all
Chemical and MEOR reservoirs, but not all reservoirs that implement Gas
technology are suitable for Chemical and MEOR. Overall, Figure 5-2a indicate
that EOR technologies can be characterised by permeability. The CV analysis
shows that the technologies most and least sensitive to permeability are

MEOR and Gas technologies, respectively.
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Figure 5-2 Permeability clustering for various (a) EOR technologies and (b) gas EOR processes.
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Figure 5-2b isolated Gas technology to investigate whether processes in this
technology can be categorised by permeability and thus be used as a suitable
criterion for selecting EOR gases within gas EOR technology. Here, three
distinct clusters were identified (CH4, N2 and Air/CO;). CHs4 was the most
restrictive cluster. CH4 injection was often implemented in reservoirs with
permeability between 15mD and 2,500mD. N, process possesses the widest
permeability range (5999mD). According to the time stamp on the database
used in this study, in the last decade, the implementation of N> EOR was
found to be mostly in relatively high permeability reservoirs. Air and CO;
share similar clusters. They both favour reservoirs with lower permeability,
even though both gases have higher molecular weights than CHs and N.. By
way of the respective CVs in Figure 5-2b, it was identified that the gas process

that is most and least sensitive to permeability are respectively CH4 and CO..

A closer observation of Figure 5-2b reveals sub-clusters for N> (3 clusters),
Air (2 clusters), and CO. (2 clusters). These sub-clusters may hold vital
information about other combinatorial factors, such as transmissibility and
mobility, that need to be at play for these gases to be suitable for certain
reservoirs permeability. Subsequent consideration of other reservoir
parameters is expected to reveal this further. Taber et al. (1997) criteria
stated that permeability is not a critical parameter for CHs EOR. Taber’s
criteria could be misleading in this respect, especially if the cluster plot
patterns here are not by coincidence but by deliberate reservoir engineering
decisions. Considering the nature of these graphs, permeability could be
classified as a parameter for screening and selecting the EOR process in Gas

Technology.

5.5.1.2 Reservoir Porosity

In the data presented in Figure 5-3a, porosity clearly shows distinct clustering
behaviour in the global dataset. Thermal technology requires relatively higher
porosity reservoirs (20% to 40%). While Gas technology (CH4, N2, Air and
CO2) have significantly evolved within the range of 5% - 33%. It should be

noted that, with respect to porosity, CH4 and N; and CO; share fairly the same

106 | Page



porosity profile in Figure 5-3b. The porosity profile for Air EOR is tightly
clustered at the centre of the graph in Figure 5-3b, and it is a subset of the
CH4 and CO: porosity range. All CH4 and CO: reservoirs would accept Air
process, but not all Air reservoirs would accept CH4 and CO; processes. The
Taber et al. (1997) screening criteria did not consider porosity as a parameter
in general. However, a visual investigation of the clusters in Figure 5-3a
indicates a meaningful and implicating pattern across EOR technologies. That
is, as observed, thermal technology (steam) is quite segregated from gas

technology. Air is discriminated against within gas technology.
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Figure 5-3 Porosity clustering for various (a) EOR technologies and (b) gas EOR processes.

Porosity has not also been included as a parameter by other authors such as
Kang et al. (2014), Saleh et al. (2014). Perhaps, as Delamaide et al. (2014a)
earlier stated, this could be because these authors used the parametric
framework already set by Taber et al. (1997). Al Adasani and Bai (2011)
proposed an update for the Taber et al. (1997) screening criteria. In their
screening criteria model, they included screening for porosity. The result in
this cluster compares well with the Al Adasani and Bai (2011) model, except
for the minimum porosity limit suggested by them for steam and CO;
flooding. The difference between this research and Al Adasani and Bai (2001)
is that their CO, EOR lower limit for porosity is 17% which is higher than the
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5% presented in this study. The disparity could be due to the effect of outliers
or technology enhancements. It could also be that Al Adasani and Bai (2011)
did not have access to the field data that implemented such low porosity at
the time of their study. Al Adasani and Bai (2011) had used 2010 EOR survey
data. Using a 2010 EOR survey data has enabled them to update the Taber
et al. (1997) criteria that had earlier used a 1996 survey data (Al Adasani
and Bai 2011, Taber et al. 1997). Therefore, this study updates the studies
of both authors by way of using the most recent EOR global survey data,
2014. Consequent to the analysis in Figure 5-3, porosity was selected for

experimental investigation.

5.5.1.3 Depth

The clusters in Figure 5-4a are well segregated across EOR technologies and
could be used to characterise EOR depth requirements. Major EOR methods,
such as steam, Air, CHs and CO;, show distinct clusters. The database time
stamp and the cluster profiles of CO, and CHs EOR indicate there are
increasing projects in deeper reservoirs in recent years. These reservoirs are
mostly beyond 3,300ft depth (Bahadori 2018). This depth could be explained
by the Minimum Miscible Pressure (MMP) requirement of miscible gas EOR,
that is, the pressure required to achieve miscibility between the injected gas
and oil (Vega and Kovscek 2010, Bahadori 2018, DOE 2010).

Understandably, the reservoir pressure is usually proportional to the reservoir
depth. Therefore, the deeper the reservoir, the more suitable it is for miscible
gas EOR. All the gas EOR technology processes are shown to be implemented
in deeper reservoirs than other EOR technologies, such as Thermal and

Chemical.

108 | Page



DEPTH PROFILE OF EOR DEPTH PROFILE OF GAS EOR
TECHNOLOGIES PROCESSES
®CHEMICAL MGAS AMEOR *THERMAL BMean ®CV *CH4 mN2 AAR XCO2 BMEAN @CV
100000 1.00 100000 0.60
o
([ ]
10000 0.75 ® D
OA 5 * o " 8
. £ 10000 : g 0% &
S - i S
= T 3
z 1000 “ . 0.50 E z [ ] = E
= =
5 *% ) 5 5 iy =
fa) e fa) A e
. Q ’ . E
& 1000 0.20 &
& g 3
100 ® 025 © L
A
10 0.00 100 0.00
CHEMICAL  GAS MEOR  THERMAL CH, N, Air co,
RESERVIOR FREQUENCY RESERVOIR FREQUENCY
a. b.

Figure 5-4 Reservoir depth clustering for various (a) EOR technologies and (b) gas EOR

processes.

There is no mark cluster segregation within Gas EOR technology, as shown
from the mean depth distribution in Figure 5-4b. Therefore, depth cannot be
considered as a criterion for classifying gas EOR processes and does not
satisfy objective one. Nevertheless, it is a valid criterion for screening across
EOR technologies. The clusters in the graph correspond well with Taber et al.

(1997) screening criteria.

5.5.1.4 Temperature
According to Taber et al. (1997) and Khojastehmehr, Madani and Daryasafar

(2019), Temperature is not a critical property for EOR screening except for
Air and Chemical EOR processes. The clusters in Figure 5-5b indicate that CH4
has been applied in reservoirs with a wide range of temperature value
between 300K and 420K. From the cluster patterns, it was observed that
other EOR processes are subsets within the CH4temperature range. However,
some clusters are more cohesive than others. For instance, for Thermal
(Steam) and Air EOR, their clusters are relatively closely packed or cohesive

than others.
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Figure 5-5 Reservoir temperature clustering for various (a) EOR technologies and (b) gas EOR

processes.

The study further discovered the relationship between depth and temperature
in reservoir engineering. Reservoirs that cluster around the high depth region
in Figure 5-4a are mostly gas EOR reservoirs clustered around the high-
temperature region in Figure 5-5a. Similarly, the shallow depth region
clusters, such as the Thermal cluster, are in the lower temperature region in
Figure 5-5a. The possible engineering explanation for this would be that
temperature gradient, like pressure, is directly related to reservoir depth
(Pedersen and Lindeloff 2003, Harrison and Chauvel 2007, Satter, Igbal and
Buchwalter 2008, Satter and Igbal 2015 and Kargarpour 2017). From the CVs
in Figure 5-5b, it can be stated that CH4 is the most sensitive to temperature

variation, while CO; is the least sensitive.

Although the temperature cannot be used for EOR screening, it is a reservoir
property that can be used to evaluate the performance of gases within Gas
EOR technology to determine the effect of temperature on the performance
of the individual gases used in immiscible gas EOR. Therefore, this parameter
would be evaluated in the experimental phase. The traditional Darcy equation

used in reservoir evaluation does not include Temperature (Golan 1992,
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Hartmann and Beaumont 1999, Matthews 1999 and Holstein 2007). However,
it could be modified to include this property using the ideal gas and combined
gas law equations and other thermodynamic properties of gases, such as

specific heat capacity and thermal conductivity.

5.5.1.5 Area and Radial Extent

Figure 5-6a and b represent the area and notional radial thickness distribution
of EOR projects in the global database of EOR. This radial thickness assumes
that a reservoir has a hypothetical single well, and the radial thickness of the
reservoir is in reference to the single well's radius. The observed segregation
and clear-cut clusters indicate that the reservoirs' radial extent can be utilised
to characterise EOR Technologies. Chemical and MEOR technologies are
observed to be restrictive and implemented in smaller reservoirs than gas
and Thermal technologies in Figure 5-6a. The radial extent of the reservoirs
was derived from the reported area of the respective reservoirs. This radial
extent reflects the horizontal extent of the reservoir. The area used to arrive
at this parameter is different from the surface area in the Darcy equation.
The radius here is equivalent to the external radius found in the denominator
of the Darcy equation. The radial extent has not been considered in any
available screening model, including Taber et al. (1997). However, the
clusters in Figure 5-6a demonstrate that EOR applications can be
characterised by radial extent across EOR technologies. In Figure 5-6b, the
gas technology was clusterised by gas processes. The gas processes cluster
segregation is not as marked as in Figure 5-6a. Nevertheless, the CVs in
Figure 5-6b indicate the sensitivity to radial extent differs for the respective
gases. Therefore, this property has been identified and selected as an EOR

screening and performance property.
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Figure 5-6. Reservoir radial extent clusters for various (a) EOR technologies and (b) gas EOR

processes.

Consequently, it was adopted for evaluation in the experimental phase.
Furthermore, this property fits nicely into the Darcy equation. Therefore, it is
practicable to experimentally investigate its relationship with the respective
gas performance and other petrophysical properties. It is therefore concluded

that radial extent has satisfied objective one of this study.

5.5.1.6 Pay Zone Thickness

Figure 5-7a indicates that EOR technologies can be characterised by pay zone
thickness. It is shown that gas technology has the widest range of pay zone
acceptance, and MEOR has the least range. This is reflected both in the shape
of the clusters and their respective CVs. It can be stated further that MEOR
is the most sensitive to pay zone thickness. Pay zone thickness above 200ft
typically demands Thermal technology. In contrast, a reservoir pay zone

below 20ft is mostly suitable for Gas technology.

Having established the segregation across technologies, Figure 5-7b was
plotted to investigate the internal segregation that might exist within Gas

technology. It is observed that N is applied in the widest pay zone range.
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This ranges from a 3ft reservoir to as high as a 274ft reservoir. The higher
pay zone reservoirs favour the lighter gases such as CHs and Nz, while the
shorter pay zone reservoirs favour the heavier CO; gas. This segregation may
be connected with the effect of gravity and buoyancy on the injected EOR
gases. As gas migrates through reservoir pores from injection to producer
wells, both linear and vertical migration components must be accounted for
(Shepherd 2009 and Beaumont and Fiedler 1999). For a reservoir with no
overburden pressure or gas gap, the displacing gases could acquire buoyancy
sovereignty and escape the pay zone. The lighter gases would tend to have
more upward migration capacity than the heavier gases due to the relative
difference in densities. Therefore, a shorter pay zone would effectively allow
the escape of a lighter gas faster than a higher pay zone. It is suggested that
to overcome this challenge, shorter well spacing should be implemented
between the injection and producer wells sufficient enough to neutralise the
vertical upward migration of the gas molecules. Nevertheless, this would

cause costly additional infill wells.
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Figure 5-7 Reservoir Pay zone thickness clusters for various (a) EOR technologies and (b) gas

EOR processes.
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Reservoir thickness or pay zone is an evaluated parameter in the screening
criteria of Taber et al. (1997), Saleh et al. (2014), Kang (2014) and, Al
Adasani and Bai (2011). However, the understanding from this study conflicts
with some of these authors. Taber et al. (1997) and Al Adasani and Bai (2011)
did not recognise that Chemical technology and CH4 are generally sensitive
to higher reservoir pay zone. Their models did not provide for MEOR.
Furthermore, they also overlooked the effect of buoyancy and gravity in the
displacement process. This study has attempted to offer an established

theoretical basis for the observation in the gas clusters.

Similarly, in the Darcy and Hagen-Poiseuille equations of state, the reservoir
vertical extent or pay zone is represented as part of the surface area variable.
Based on these clusters and equations, reservoir thickness was adopted into

the experimental phase to investigate the competitiveness of the gases.

5.5.2 Reservoir Fluid Properties

5.5.2.1 Displacement Efficiency

There are patterns formed by the clusters presented in Figure 5-8a. The
displacement efficiency, which is the ratio of the difference between the start
and expected end oil saturation to the start saturation (abandonment
saturation) (Eqg. 2-43), reflects the extent to which an EOR method can
effectively recover trapped oil.

From the mean distribution of the clusters in Figure 5-8a, it is indicated that
gas technology (66%) performs relatively better in displacing residual oil than
the other technologies, Chemical (51%) and Thermal (61%). While steam,
Air and CO; EOR can achieve 40%-50% on a historical average. If EOR
recovery is considered to come from mostly displacement efficiency (as
opposed to sweep efficiency), there would seem to be a conflict between the
findings here and Al Adasani and Bai's (2011) earlier mentioned in Section
2.3.2.1. Whereby the average recovery efficiency from hydrocarbon (CHs)
EOR could be considered underestimated by Al Adasani and Bai's (2011).
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Figure 5-8 Displacement efficiency clustering for various (a) EOR technologies and (b) gas EOR

processes.

According to the global EOR data used in this study, the estimated oil
displacement performance in decreasing order, based on historical average
(Figure 5-8b), is CH4 > Air > CO. (Note: there was insufficient data to
evaluate N; performance). CO; is relatively poor in displacing oil at the pore
level, according to the plot in Figure 5-8b. This is understandable, considering
the engineering mechanism involved in gas EOR. The absence of minimum
miscible pressure (MMP) in immiscible CO; significantly draws down its
performance. As highlighted here, the positive prospect of CHs EOR is
encouraging to the proposed strategy for the North Sea EOR assets. CH4 has
been reported by OGA (2014) to be one of the core options planned to recover
trapped oil in the North Sea basin. This performance profile would also
facilitate CH4 EOR programmes in countries where there is access to relatively
cheap or free hydrocarbon gases, such as flared hydrocarbon gases in Nigeria

and Canada.

5.5.2.2 Oil Saturation

Figures 5-9a and c show that EOR technologies are characterised by

saturation. Furthermore, Figure 5-9a shows that Chemical technology has the
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most restrictive start saturation range. It is followed by Thermal technology.
Gas Technology has a broader spread at 20-92%. It suggests that Gas
technology can be implemented earlier or later than other technologies.
Figure 5-9c highlighted that, on average, the end saturation or residual
saturation is the highest for Thermal technology (38%), compared to
Chemical (30%) and Gas (27%). Data were not available for MEOR analysis.

START SATURATION PROFILE OF EOR START SATURATION PROFILE OF GAS
TECHNOLOGIES EOR PROCESSES
@ CHEMICAL MGAS AMEOR *THERMAL MMean ®CV
*CH4 N2 AAR xCO2 WMEAN @CV
120 0.8 100 0.4
K &2 .
® A
90 06 - 75 ’ .. A
e g
= N =
. < N =
| e z Z “ L] :
& . z £ <
o W 04 & 2 20 as 5
£ = g o 9@ "y 5
2 y 4 g = *» z
A o g S
s 2 s
(] 3 b ¢ ]
o o
30 ° 02 . S
0 0.0 . oo
CHEMICAL GAS MEOR  THERMAL CH, "‘ Air co,
RESERVIOR FREQUENCY RESERVOIR FREQUENCY
a b.
END SATURATION PROFILE OF EOR END SATURATION PROFILE OF GAS
TECHNOLOGIES EOR PROCESSES
@ CHEMICAL MGAS AMEOR xTHERMAL MMean ®CV eCHA N2 AAR XCO2 MMEAN ®CV
100 06 80 12
®
75 o o 0.6
|
50 2 2 05

SATURATION, %
COEFFICIENT OF VARIATION
SATURATION END, %
COEFFICIENT OF VARIATION

25 3 0.5
0 . 0.5
CH, N; Air co,
RESERVIOR FREQUENCY RESERVOIR FREQUENCY
C. d.

Figure 5-9 Oil saturation clustering for various (a) EOR technologies and (b) gas EOR

processes.
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Similarly, when Gas technology was investigated in Figure 5-9b and d, it was
observed that CO; has the highest number of projects in low oil start
saturation reservoirs compared to other EOR processes, such as Air and CH4
EOR. CH4is mostly implemented in higher saturation reservoirs. Figure 5-9d
profiles the residual or end saturation of the respective gas EOR processes.
Since the aim of implementing EOR is to reduce residual oil saturation to the
barest minimum, it, therefore, follows that by the cluster segregation and
average values in Figure 5-8d, CH4 displaces the most oil because it has the
least end saturation than Air and CO; (there was no sufficient data for N>

evaluation).

The clustering fits well with Taber et al. (1997) criteria. Although there was
sufficient segregation within gas EOR that warrants the selection of oil
saturation for the experimental phase, this could not be achieved due to

experimental laboratory constraints at the time.

5.5.2.3 API Gravity

According to the clusters in Figure 5-10a, most thermal projects are
implemented in heavy oil reservoirs around 14°API. In contrast, Gas
technology has been extensively implemented in the light oil reservoirs
around 35°API. The CVs in Figure 5-10a indicate that Gas technology is most
sensitive to API Gravity properties. Similarly, within gas EOR technology in
Figure 5-10b, it is observed that the oil API Gravity discriminates gas
processes. The tightest cluster is Air EOR, with a CV of 0.15. They are
implying that Air process is very sensitive to API Gravity. It is further revealed
from the nature of their clusters that CH4 and CO, share similar API gravity
profiles. N» has the most extended API Gravity range of 16-60 API. Although
Figure 5-10b is well clustered, it is understood that reservoirs suitable for Air

would also be suitable for other gases.
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Figure 5-10 Oil API Gravity clustering for various (a) EOR technologies and (b) gas EOR

processes.

Nevertheless, not all reservoirs suitable for other gas would be suitable for
Air. The cluster analysis compares well with the Taber et al. (1997) screening
model. API gravity is not represented in the Darcy equation; however, it is
observed to be a valid property for EOR characterisation. Furthermore, the
following section indicates that there could be a deductive relationship
between API gravity and the viscosity of the oil. This property was adopted
in the experiments as density.

5.5.2.4 Viscosity

The viscosity profiles of EOR technologies are presented in Figure 5-11a. The
clusters indicate that EOR technologies can be discriminated by viscosity. The
EOR technology most sensitive to viscosity is MEOR. In Figure 5-11a and b,
the relative rankings of the average viscosities of the respective technologies
(Figure 5-11a) and processes (Figure 5-11b) resemble the opposite or
reverse of the ranking of API gravity in Figure 5-10a and b, respectively.
Thereby suggesting a corresponding relationship between the two reservoir

fluid properties.
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Thermal technology viscosity distribution is quite distinct from the other EOR
methods, suggesting that Thermal technology is mostly applied in reservoirs
with higher viscosity. The cluster distinction in Figure 5-11b within Gas
technology is not very pronounced compared to EOR technologies clusters in
Figure 5-11a. It is observed that the cluster for Air is higher than other gases.
Taber et al. (1997) criteria are similar to the results found in this research
(Figure 5-11a). Therefore, viscosity could be considered as a critical property
for EOR selection across EOR technologies. Furthermore, viscosity is also
considered as a property for performance investigation within gas EOR
technology. This fluid property was therefore selected for investigation in the

gas experiment.
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Figure 5-11 Oil viscosity clustering for various (a) EOR technologies and (b) gas EOR processes.

5.5.3 Performance Parameters

5.5.3.1 Incremental Oil Production

This parameter in Figures 5.17a and b aims to identify segregation across
EOR technologies and within Gas technology and determine the gas process
that is likely to produce the highest incremental oil, everything being equal.

Because many of these field productions are solely from EOR, it was difficult
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to evaluate the EOR method using this property explicitly. Nevertheless, if
fields whose oil production is 100% from EOR are ignored in Figure 5.17a,
then a statement could be drawn by taking a historical average of each EOR
performance. In which case, EOR Technologies could be ranked in decreasing
order of incremental oil production as Gas, Thermal and Chemical. Similarly,
within Gas technology (Figure 5-12b), it could be ranked as CO;, CH4, N2 and
Air processes. The order is somewhat in line with Al Adasani and Bai (2011)
study, as summarised in Figure 2-5. Al Adasani and Bai (2011) investigated

EOR performance based on oil recovery.
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Figure 5-12. Incremental oil production clustering for various (a) EOR technologies and (b) gas

EOR processes.

However, this study investigated performance based on incremental oil
production in Figure 5-12a and b. The segregation within and across EOR
technology was difficult to establish here. Consequently, it was not explicitly

considered in the experimental stage.

5.5.3.2  Oil Mobility

The intrinsic mobility profile of EOR projects investigated is represented in

Figure 5-13a and b. ‘Intrinsic mobility’ was aptly used here because the
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mobility of EOR gases presented in Figure 5-13a and b were derived from the
ratio of the intrinsic (single-phase) permeabilities and viscosity of the
respective reservoir oil. The clusters are quite distinct across EOR
technologies in Figure 5-13a. It is shown that gas technology is generally
implemented in reservoirs with higher intrinsic mobility oil than other EOR
technologies. Similarly, Figure 5-13b shows the segregation of gas processes
by intrinsic mobility. It would be observed in the clusters and in Abunumah,
Ogunlude, and Gobina (2021) that most of the CHs and N projects are
implemented in reservoirs with relatively high intrinsic mobility. There
reverse is the case with Air and CO,. This suggests a qualitative association
between intrinsic mobility segregation and gases’ molecular weights. Mobility
is not a petrophysical quantity considered in EOR screening criteria and has

not been represented in existing EOR selection models.
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Figure 5-13. Oil intrinsic mobility distribution of EOR reservoirs for (a) EOR technologies and

(b) gas EOR processes.

However, it is an important function in Darcy and Buckley-Leverett flow
equations. It is, therefore, interesting to notice that EOR technology can be
characterised by it. Consequently, this quantity was adopted for experimental

investigation.
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5.5.3.3 Intrinsic Oil Velocity

Velocity has been selected as an objective function for evaluating EOR gases.
It is demonstrated in Figure 5-14 that CHs4 reservoir intrinsic velocity is
significantly segregated from those of N, Air, and CO. reservoirs.
Nevertheless, it is seen that the different gas EOR implementations in these
reservoirs are sensitive to velocity to varying degrees. The Air EOR process
is the most clustered, thus the most sensitive. CH4 reservoirs have the least
velocity. Implying that these reservoirs may have relative disadvantages in
momentum, capillary number, and energy, as these engineering quantities
are a function of velocity. The Phase II and III experiments would establish
if the gas velocity informs the application of the gases in the respective

reservoirs.
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Figure 5-14. Oil interstitial velocity distribution of gas EOR processes reservoirs.

5.5.3.4 Intrinsic Oil Momentum

Figure 5-15 shows the intrinsic interstitial momentum distribution of gas EOR
reservoirs. It can be stated that the reservoirs are significantly segregated by
momentum. The mean Air momentum value may have been affected by the
two reservoirs with high momentum ratings, which could be considered

superficial. CO, EOR reservoirs have a higher momentum than CH4 and No.
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The importance of momentum has been stated in the literature review. High
potential momentum, such as the one exhibited by CO; reservoirs, would be
useful if it is in the same direction of the injectant flow, that is, towards the
nearest producer well; otherwise, it would be averse to the energy or
momentum transfer of the injected gas. The experimental p hase would be
used to couple Figure 5-15 to evaluate how the EOR reservoirs and gases

stack in performance.
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Figure 5-15. Oil Momentum distribution of gas EOR processes reservoirs.

5.5.3.5 Intrinsic Oil Transmissibility

Transmissibility is a measure of the oil to transmits to the nearest producer
well. Figure 5-16 indicates that CH4 has the highest capacity to transmit
through the reservoirs' pores, and at the same time, it is the most sensitive
to this quantity. Air reservoir offers the least transmissibility opportunity. It
has been demonstrated that gas EOR reservoirs are characterised by
transmissibility. The gas experiments would further advance the importance

of this quantity.
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TRANSMISSIBILITY PROFILE OF GAS
EOR RESERVOIRS
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Figure 5-16. Oil transmissibility distribution of gas EOR processes reservoirs.

5.5.3.6 Well Density

The well density is a combinatorial quantity introduced in the screening
criteria proposal to investigate the existence of well profiling for the
respective EOR methods. This enabled the study to identify if EOR
technologies and gas processes can be characterised based on their
respective well requirements. Surprisingly, the clusters presented in Figure
5-17a and b show interesting patterns. From the clusters in Figure 5-17a, it
would be observed that Thermal technology has the highest well density
requirement with an average of 0.52well/acre and as high as 3.84well/acre.
This is followed by Chemical technology at an average well requirement of
0.20 well/acre. The Chemical EOR is shown to be very clustered, therefore,
implying it is the most sensitive to well density. The sensitivity is
quantitatively described by the CV of 0.72. In Figure 5-17b, gas processes
were compared. Clusters reveals that CH4 requires the least well density
(0.02well/acre) followed by N (0.05well/acre) and (1.86well/acre).
Furthermore, it was observed that N, is the most sensitive to well density,
while Air is the least sensitive. The significance of these findings is that it
would cost more wells to implement Thermal and Chemical technologies than
Gas and MEOR technologies. Furthermore, in the Gas technology domain, it
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can be seen that it would cost more wells to implement CO; processes than

to implement CHs and Na.
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Figure 5-17 Well density clustering for various (a) EOR technologies and (b) gas EOR

processes.

Holm (1980) and Zhenxue (2014) investigations significantly validate the
findings in Figure 5-17a and b, which suggest larger well spacing for CO, EOR
(7 acres) compared to Chemical Technology (5 acres). The claim of validation
by Holm (1980) cannot be fully established until further engineering
interpretation of this observation is made per the segregated conditions and
parameters analysed in his studies, such as permeability. As earlier
mentioned in the literature review, there are hardly detailed contemporary
journal references to well spacing or density in EOR operation. It is not easy
to properly verify or compare the results here thoroughly. However, this
quantity is not included in the previous screening model, nor is it present in
the Darcy and Buckley-Leverett equations. It is, however, possible to explain
this quantity using these equations. This quantity has been implicitly

investigated in the course of the experimental phase.
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5.5.3.7 Well Pattern

The Well pattern predictor (Pp) for each EOR technology is presented in Figure
5-18a. This quantity is derived as the injection to production well ratio. It is
a measure of a well ratio index. Although predicting this quantity from field
data is not well understood or reported in journals, the clusters in Figure
5.19a show some well pattern discrimination across technologies. Well
pattern predictor (Pp) values less than one (P, < 1) indicate an inverted well
pattern. P, values above one (P, > 1) indicate a normal well pattern as
illustrated in Figure 2-10. Gas and Thermal technologies seem to include all
types of well patterns (i.e., normal and inverted). The lowest value set (0.1-
0.002) of P, is found in Thermal Technology. Signifying relatively high
production wells than injection wells. This is suggestive of the proposition that
Thermal Technology is a favourable candidate for seven and nine spot

inverted patterns.

Chemical and MEOR are generally restricted to inverted well patterns. Their
low CV values suggest Chemical and MEOR are the most sensitive to well
patterns. In Figure 5-18b, the respective well patterns within Gas technology
are not significantly distinguished. However, CO. is shown to be the most
sensitive to this quantity. Therefore, Air is seen to be popular with the
inverted well pattern. The normal well patterns (P, > 1) are mostly utilised in
CO: projects.
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Figure 5-18 Well pattern clustering for various (a) EOR technologies and (b) gas EOR

processes.

Duda and Il (2010), El Ela and Sayyouh (2014), Holm (1980) had claimed
that well pattern modelling could be used to optimise EOR methods in general
but fell short of describing the details, for example, whether EOR methods
can be uniquely associated with different well patterns. The effect of well
patterns was also reported with respect to CO, EOR implementation at
SACROC field in the Permian Basin, US. Walzel (2017) emphatically stated
that production was tripled within a couple of years by targeting the well
patterns. This research has also demonstrated that more than 80% of gas
EOR projects are implemented in an inverted well pattern (Well Pattern

Predictor<1) as against normal well patterns (Well Pattern Predictor>1).

5.6 New Immiscible Gas EOR Screening Model

Table 5-1 shows a new screening model for immiscible gas EOR. This is the
outcome of rigorous exercises involving data mining of collated EOR field data
using different statistical techniques and codes in R and Microsoft Excel. A

qualitative and quantitative evaluation has been applied to observations and
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relationships across (Thermal, Gas and Chemical) technologies and within
Gas EOR technology.

Al Adasani and Bai (2011) (in Table 5-2), and Taber et al. (1997) screening
models were used to compare and contrast the new criteria in the new
screening model. The parameter values in the new screening criteria compare
well with the two authored EOR screening criteria for most parameters and
properties. However, in some other respects, such as porosity and viscosity,
the proposed criteria are more up-to-date with events in global EOR
implementations. The proposed criteria also accounted for recent evolutions
in EOR applications as reported in journals, technical reports, and field

surveys that were not captured in previous EOR studies.

This screening model's key feature focuses on immiscible EOR for the four
commonly applied EOR gases, unlike previous models that lumped the four
gases as one. Authors such as Clancy et al. (1985) have developed screening
criteria for N> immiscible EOR. The data used were nevertheless quite limited.
Furthermore, they did not offer a robust means to compare N, with other EOR

gases. This screening model is formulated based on some assumptions:

I. Thatimmiscible gas EOR projects data reported in surveys and journals
are significantly correct and reported in good faith.
II. That successful projects are successful enough for them to be
replicated in analogical reservoirs.
III.  For successful projects, engineering methods and decisions made by
engineers were significantly the best among the alternatives and are

mostly valid to date.

The investigation applied due engineering diligence to mitigate deviations
from these assumptions. For instance, the interquartile range was used to
spot outliers; however, care was taken not to dismiss the potential implication
of outliers that are markers for technological evolution. Some reservoirs in
China that implemented EOR CH4 appear to have reported extremely high
viscosity compared to other CHs global reservoir records. A polymer EOR

project in Taber South, Canada, was seen to be operated in a traditionally
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thermal EOR reservoir candidate (800-80,000cp). By existing screening

standards, this characterisation popped up as an outlier.

However, an independent investigation into the field suggested that the
operators have used technology, such as horizontal wells to overcome the
challenge of polymer injectivity in the reservoir. Taber et al. (1997) screening
criteria would screen a reservoir as a candidate for Polymer flooding only if
the viscosity is between 10cp to 150cp. While for immiscible gases, Taber et
al. (1997) suggested a viscosity of <600cp. This new screening criteria,
however, raised the bar to 9600cp. These are some of the criticisms of
existing EOR screening criteria held by Lee (2010), Delamaide et al. (2014a,
2014b), and Wilson (2015). Although, the process of balancing the data to
generate these new screening criteria was rigorous and taunting. However,

the outcome was worth it.
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Table 5-1 Proposed Screening Criteria developed from the most recent global EOR database
to reflect operational and technological evolution in the EOR industry, with parameter

sensitivity marker.

New Immiscible Gas Screening Criteria with Sensitivity Markers
| oil . oil | APl
Viscosity ... | Permeability| Saturation, Porosity .. | Temp
Mobility Gravity
Start
Mean 210 1,650 668 73 1.62E+6 17 36 363
>0.14 >0.35 >15
CH, | Value Range >30 >0.07E+6 | >610 >4 19-48
<10201 | <9.6+3 | <3.1E+3
Sensitivity NS NS NS S Ms Ms S S NS
Mean 3 1,329 841 #N/A 1.49E+6 | 8,003 19 38 352
<0.51
N, | Value Range <25 <5.5E+3 #N/A >1.3E+4 | >1,200 >4 >16
<3.3E+4
Sensitivity NS NS NS #N/A MS S MS S NS
Mean 6,182 42 271 64 1.71E+6 | 6,572 18 31 346
>1.19 >1.5
AIR | Value Range <854 >50 >6.0E+4 | >400 4> 19-38
<1.7E+5 <1.3E0+3
Sensitivity NS NS NS S Ms S S S NS
Mean 7 121 103 47 1.23E+06 | 5,986 16 36 333
>0.2 >0.1 >1.06
CO; | Value Range >26 >5.0E+04 | >1,150 >3 11-45
<592 | <3.5E3 <2.0E3
Sensitivity NS NS NS S MS S S S NS
DISCRIMINATORY
PARAMETER
WITHIN GAS C C C C NC NC NC
TECHNOLOGY
DISCRIMINATORY
PARAMETER
ACROSS EOR VC VC Cc MC C MC MC MC NC
TECHNOLOGY
Key: S=Sensitive C=Critical V=Very M=Moderate N=Not
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Table 5-2 Al Adasani and Bai (2011) Screening Criteria for Gas EOR as compared to proposed

screening criteria in this study.

Reservoir criteria for EOR gas processes

QOil

Gravity = Viscosity Porosity Permeability Net Temperature
EOR method saturation Depth (ft)
(°API) (cp) (%) (mD) thickness (°F)
(% PV)
Miscible gas EOR
co 22-45 0-35 3-37 15-89 1.5-4500 Wide 1500-13365 82-257
: Avg. 37 Avg. 2 Avg. 15 Avg. 46 Avg. 209 Range Avg. 6230 Avg. 138
Thin,
23-57 |0.04-18000 4.25-45  30-98 0.1-5000 4000-15900 85-329
Hydrocarbon unless
Avg. 38 | Avg.286 Avg.4.5 Avg.71 Avg. 726 o Avg. 8343 Avg. 202
dipping
33-39 0.3-0.9 11-24 130-1000 75458887 194-253
WAG NC
Avg.35 Avg.0.6 Avg.18.3 Avg. 1043 Avg. 8216 Avg. 229
Thin,
38-54 0-0.2 7.5-14  0.76-0.8 0.2-35 10000-18500  190-325
Nitrogen unless
Avg. 47 | Avg. 0.07 | Avg.11 | Avg. 0.78 Avg. 15 o Avg. 14633 Avg. 266
dipping
Immiscible Gas EOR
Nit 16-54  0-18000 | 11-28 @ 47-98.5 3-2800 1700-18500 82-325
itrogen
9 Avg.34.6 Avg. 2256 | Avg. 19  Avg. 71 Avg. 1041 Avg. 7914 Avg. 173
e 11-35  0.6-592 17-32 42-78 30-1000 1150-8500 82-198
2 Avg.22  Avg.65 Avg.26 Avg. 56 Avg. 217 Avg. 3385 Avg. 124
22-48 0.25-4 5-22 75-83 40-1000 6000-7000 170-180
Hydrocarbon
Avg.35 | Avg.2.1 |Avg.13.5 Avg.79 Avg. 520 Avg. 6500 Avg. 175
Hydrocarbon + 9.3-41 0.17-16000 18-31.9 ot 100-6600
vg.
WAG Avg.31  Avg.3948 Avg. 25 g Avg. 2393

Although, Al Adasani and Bai (2011) supplied more updated screening criteria
that unbundled immiscible gas in Taber et al. (1997). However, the new
screening criteria model developed in the study offers an advantage that
would be of significant utility to users, such as the inclusion of a probabilistic
sensitivity and criticality marker. The sensitivity marker is a statistical
measure of how sensitive or reactive the applicability and performance of an
EOR process is impacted when a parameter of interest is varied. For instance,
in Table 5-1, the gases, N, Air and CO; are quite sensitive to variation from
the mean depth. However, CH4 has a low sensitivity to depth. The ‘range’ as
included in most published EOR screening models is not sufficient to describe
the risk or loss of effectiveness of a process when a petrophysical parameter
deviates from the measure of central tendency, which in most cases is the

mean. With the sensitivity and discriminatory marker included in this new
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screening criteria, a simple program can be developed to succinctly screen

reservoirs for immiscible EOR gases.

5.7 DISCUSSION OF RESULTS

An EOR screening model has been developed from this study with an
emphasis on gas EOR. The proposed screening criteria reflects recent EOR
process evolution in the EOR industry. Eleven EOR parameters, including
some derived combinatorial parameters, have been thoroughly investigated
using data mining techniques and a literature review. While these proposed
criteria compare well with some parameters and properties in Al Adasani and
Bai (2011), Saleh et al. (2014), and Taber et al. (1997), screening criteria,
there are, however, some instances where the values for some parameters

and properties do not compare.

Forty-one EOR quantities were categorised into Reservoir Rock, Fluid and
Performance parameters. The properties relationship between EOR processes
and selection have been extensively investigated using a global EOR database
and mathematical techniques. The results indicate that all the reservoir
properties under the reservoir rock parameter category form well-defined
clusters. For the Reservoir Fluid category, not all properties responded with
distinct clusters, such as Displacement Efficiency. Similarly, in the EOR
Performance category, Incremental Oil Production and Well Patterns could

not be characterised.

The general assessment of the quantities investigated was carried out in such
a way that:

I.  Quantities that do not form distinct and segregated clusters within the
universal data set are considered ineffective in characterising EOR
Technologies. This suggests that the property may not be critical in
screening reservoirs for EOR Technologies or EOR processes.

II. Quantities that have defined and segregated clusters within the
universal data set are considered suitable for characterising EOR

Technologies.
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ITI.  Quantities that are well defined and segregated within a particular EOR
Technology are considered suitable for characterising EOR processes
within that EOR Technology.

Although the clusters' quality varies from quantity to quantity and from
process to process. A tightly clustered quantity is considered to imply reduced
dispersion of the property around the mean value (Stephanie 2014). Thereby
suggesting the property is critical, and the EOR process may be sensitive to
it. It was observed in all categories that a property whose cluster is widely
dispersed is likely to overlap with other clusters. This is observed as the oil
intrinsic mobility cluster in CO; gas EOR overlaps with the oil intrinsic mobility
cluster in Steam EOR even though they are entirely different technologies.
This suggests that CO, and Steam EOR can be applied to the same reservoir
with respect to intrinsic mobility. Although CO; gas and CH4 gas are both gas
EOR technology, their intrinsic mobility clusters are separated, as revealed in
Figure 5-13b. This suggests that intrinsic mobility is a distinguishing factor
between CO; gas and CHs4 gas EOR. Therefore, these reservoir properties
could be used as a criterion to characterise Gas EOR processes and

consequently applied to evaluate gas performance in experimental studies.

5.7.1 Method for Identifying and Selecting Criteria for

Immiscible Gas Experiments

The two categories of criteria considered for this evaluation are selection
criteria and performance criteria—the criteria aid in selecting gas technology,

while performance criteria aid in identifying the most competitive gas.

An assessment method to identify which reservoir engineering quantities to
adopt for the next phase of the study (that is, the experimental phase for

immiscible gas EOR) was set as follows:

I. Quantity clusters are evaluated across EOR technologies and within
Gas EOR technology. Across technologies means clusters that can be
categorised based on their spread and relevance across the broad spectrum

of EOR technologies (i.e., Thermal, Chemical and Gas EOR technologies).
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Within Gas EOR technology, means finding segregated clusters within Gas
EOR Technology processes such as CO; and N EOR processes. The former
would identify whether a quantity is discriminated by EOR technology, while
the latter would determine whether a quantity is discriminated based on gas
EOR processes.

II. Where clusters of different gas EOR processes overlap with each other
(regardless of whether they also overlap with processes in other EOR
technology, such as Thermal and Chemical EOR), the quantity represented in
the clusters would be selected as fit for performance evaluation in the gas
experiment.

III.  Where clusters of gas EOR processes do not overlap with each other or
any other EOR technology, the quantity represented in the clusters should be
selected as fit for EOR selection evaluation in the gas experiment.

IV. Where an EOR quantity is tightly clustered, that is, implying strong
cohesion than separation, it is considered that this quantity is potentially a
critical and sensitive quantity to the gas EOR process (Stephanie 2014). The
quantity represented in such clusters is selected as fit for sensitivity

evaluation in the immiscible gas experiments.

Based on these criteria, as imposed on the results from the data mining in
Section 5.5, and the Darcy and Buckley-Leverett equation for immiscible flow
through porous media, the study was able to fulfil the objective one of the
researches, which is to identify EOR parameters that are necessary and
critical for selecting and determining the performance of gas EOR processes.
Table 5-3 shows the quantities identified in the data mining evaluation for
gas EOR. The third column indicates quantities that could be used to screen
for gas EOR. A 'Yes’ implies that the quantity can be used as a criterion for
screening and selecting gas processes within gas EOR Technology. A ‘No’
indicates that all gas EOR processes share a similar value range for that
property; therefore, the property cannot be used as a selection criterion
forthwith. However, it could be qualitatively considered for performance
evaluation. For example, from the viscosity graph (Figure 5-11b), it would be
observed that different gas EOR processes (clusters) significantly share a

similar viscosity range.
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Table 5-3. Petrophysical Parameters and Properties identified for immiscible gas EOR

experiments.
Screening
Experimental Evaluation
Evaluation
Present in
Darcy/Hagen-
Selection Poiseuille/
S/N Category Quantity o Performance Remark
Criteria Buckley
Leverett
Equations
Intrinsic
Permeability Yes Yes Yes
property
Intrinsic
Porosity No Yes No
property
Reservoir Rock
Depth No Yes No
Parameters
Intensive
Temperature Yes Yes Yes
Property
Extensive
Area/Radius Yes Yes Yes
Property
Oil Saturation Yes Yes Yes
. . API Gravity Yes Yes No
Reservoir Fluid
Properties . .
Viscosity No Yes Yes
Oil Mobility Yes Yes Yes Derived
Incremental Oil
Yes Yes Yes
Production
Displacement
Yes Yes No
EOR Performance Efficiency
Parameters
Well Density Yes Yes Yes Derived
Well Pattern
No Yes No
Index

However, for the oil intrinsic mobility graph (Figure 5-13b), various gas EOR

processes (clusters) assumed a different intrinsic mobility range. This
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suggests, therefore, that viscosity is not an essential criterion for selecting
the gas EOR process since all reservoirs that implemented gas EOR
technology have similar viscosity. However, oil intrinsic mobility is important
for selecting the gas EOR process since all gas EOR Technology formed
different clusters. Consequently, in Table 5-3, in the ‘Selection Criteria’
column, Viscosity is registered as ‘No’, while Qil intrinsic mobility is registered

as ‘Yes'.

In summary, some thirteen quantities were registered as ‘Yes’ (Performance
Column) for experimental evaluation. Eight of these quantities are
represented in the Darcy and Buckley-Leverett equation for immiscible flow.

These properties representations in these equations are classified as:

I. Direct representation, such as reservoir radius or permeability being a
tensor in the Darcy equation.

II. Deduced representation, such as intrinsic mobility.

III.  Correlational representation, such as Well density.
Consequently, the experiment was set to determine how the
relationship among these properties could be used to evaluate and
improve the respective gases' competitive performance in immiscible
gas EOR (Nesselroade and Cattell 2013, and Ghani 2014).
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Chapter Six

6 PHASE II: EXPERIMENTAL EVALUATION OF
EOR GASES

6.1 Engineering Basis for Experimental Evaluation

Most of the experimental techniques applied in this phase are fairly standard
to the industry. Where new procedures and assumptions are used, the bases
for making such decisions are subsequently described in detail. Several
analytical frameworks were used to validate the use of theoretical concepts
of fluid and solid mechanics and balances, as promoted in Andri et al. (2017),
Bergstrom (2015), Berker (2002), Coratekin, et al., (1999),
Chandrasekharaiah and Debnath (2014), Sadd (2018), Malkin (2012), and
Risby and Hamouda (2011).

6.1.1 Adoption of Intrinsic Mobility

From the data mining of the global EOR database consisting of 484 EOR
projects, it was identified that the ratio between oil intrinsic permeability in
reservoir rock and oil viscosity indicates a distinct cluster pattern for each
EOR process in the database. The distinction signifies that this ratio could be
used as a criterion for characterising reservoirs and EOR processes. The ratio
was referred to in the research as the intrinsic mobility of oil because it was
derived from the reservoir oil's intrinsic permeability and the dynamic
viscosity. It is represented as Mow. Where the subscript ‘o’ and ‘oo’ represent
oil and intrinsicality, respectively. However, intrinsic mobility is different from
the conventional mobility encountered in multiphase reservoir engineering
calculations, which is the ratio of effective permeability to phase viscosity

(Sam 1993), however, intrinsic mobility offers a useful analytical basis for
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experiments because it combines rock (permeability, k) and fluid (viscosity,

M) properties.

Gas is a displacing fluid for oil in immiscible gas EOR; therefore, the intrinsic
mobility analogy of the oil can be extended to gases. Consequently, in this
research, intrinsic mobility Mi» (where the subscript ‘i’ is any EOR gas) of the
gases was confidently adopted as the engineering basis and a critical criterion
for evaluating the respective gases' selection and performance
competitiveness in displacing trapped oil. The benefit of adopting gas Intrinsic
Mobility Mi», which is the ratio of intrinsic gas permeability to its viscosity
(Miw=ki/Mi), as a cardinal parameter is that it allows the evaluation of other
petrophysical properties and parameters, such as PVT, pore size and
molecular weight in the experiments. The effect of these properties and
parameters on Mi» can thus be measured in an experiment for further
analyses. The individual intrinsic mobility of oil and gas can therefore be

directly compared.

6.1.2Intrinsic Mobility Vs Relative Mobility

The relative mobility, as expressed in Eq. 2-48, is made of four variables. The
variables in the denominator are those of oil. The variables in the numerator
are those of the gas under investigation. Since it is a comparative study
among gases, unlike miscible gas EOR, where the gas dissolves in the oil to
reduce the oil's viscosity (Breit 1992 and Gbadamosi et al. 2018), here, these
gases do not attain miscibility with the oil. Therefore, it is assumed that at
the point of displacement, certain properties of the denominator (that is, oil),
such as density and viscosity, would remain significantly the same and would
therefore be a common factor for all gases investigated within the
experimental condition. This assumption is consistent with the Buckley-

Leverett condition for immiscible fluid displacement.

Another study that was used to validate the experimental approach in this
research is based on the outcome of Deb, Chayantrakom and Lenbury (2012),

where they compared single-phase (SPM) flow of microalgae and two-phase
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(TPM) flow dynamics of microalgae injected with CO; gas. It could be derived
from their results that there is a steady-state relationship between single-
phase microalgae flow and the two-phase microalgae/CO; as represented in

Figure 6-1a-b and Figure 6-2a-d:
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(a) SPM 01 (b) TPM

Figure 6-1. Single-phase microalgae flow in a tube (SPM) model (a) and a two-phase
microalgae/CO; model (TPM) (b).

Figure 6-2b-d capture different geometrical location in the tube and the
velocity profile of flow was observed to be affected by the geometry of the
flow path. However, this did not appear to quantitatively impact the
relationship between the SPM and TPM models' velocities when it was plotted
on a graph. The flow pattern from the three graphs in Figure 6-2b-d and their
numerical results intuitively indicate that the single-phase fluid dynamics are
analogical to the two-phase fluid dynamics without losing generality.
Furthermore, it also qualitatively indicates that TPM production is a multiple
of SPM. The TPM model that involves the injection of CO. in the tube conduit
was stated to have enhanced microalgae production. In a similar vein, gases,

such as COg, are injected into reservoir pores to enhance oil production.
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Figure 6-2: The mesh model of a U tube showing three planes for flow investigation (a), and

velocity profile obtained from single-phase flow (SPM) and multiphase flow (TPM) at three
different cross-sections of the U shape region of the tube: (b) C1, (c) C2 and (d) C3.

Consequently, with the information provided by their study, this research was

able to derive a flow velocity analogy between single-phase and two-phase

flow for an immiscible system (Darcy 1856, Zeng and Grigg, 2006).

_ —KAdP
oW dx

6-1

Given two models: SPM and TPM, this study modified the Darcy equation for

each phase as:

Qo = —KgpyAdP
SPM Wepy X

0 _ —KrpyAdP
TPM Wopy  dX

6-2

6-3
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The volumetric flow rate can be reduced to Darcy velocity by dividing both

sides by the cross-sectional area, A, of the flow medium.

—Kspy dP

Vspu = —o— 6-4
SPM Wspy dx
—Krpy dP

% =— — 6-5
e Wrpm dx

According to Deb, Chayantrakom and Lenbury (2012) and in Figure 6-2, for
every timestamp, there is an empirical relationship between the ratio of the

velocity of the single-phase (SPM) and two-phase (TPM) flow. This implies:

Kspy dP

V. ’ dx
SPM — Uspy AX 6_6

Vrpm K,Tﬂd_P

Wrpm dx

Eq. 6-6 can be reduced to:

Kspu
Vspm _ K spm 6-7
Vrem K,Tﬂ

Hrpm

Recall mobility is the ratio of permeability to viscosity.
Therefore, Eq.6-7. can be expressed in terms of mobility:

% M
spm _ Mspm 6-8

VTPM Bl MTPM
Eqg. 6-8. can be rearranged as:

MrppVspu
Mspy = —VTPM 6-9

Eg. 6-9 implies that a plot of Mspm against Vspm should start from the origin
and should have Mtem /V1em as the slope. Eq. 6-9 qualitatively implies that the
single-phase (intrinsic) mobility of a fluid through a capillary is proportional
to the product of its mobility in a two-phase regime and its velocity in a single-

phase regime. For this to be valid, it means that for every saturation or
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fractional composition of the fluid in a two-phase system, the slope of a graph
of Mtpm @against Vrpm must be linear or constant for the pair of the fluid and

capillary system. That is:

MTPM

VTPM

= constant 6-10

Deb, Chayantrakom and Lenbury (2012) stated that different geometry
around the tube's U shape (Figure 6-2a) used in their study affected the flow
velocity. Nevertheless, the effect was proportionate to both phases. The
effect's proportionality can also be observed from the shapes of SPM and TPM
in the three graphs of Figure 6-2b-d. These figures represent flow regimes
from three different geometry in the U region. Therefore, signifying that the
ratios Mrem /V1em, Msem /Vsem, Mspm /Mtem and Vqpm /Vspm could be assumed
significantly constant for any given capillary geometry, assuming other flow
conditions and properties are known. However, it is suggested that further

study should be carried out in this area to determine the true state.

Although Eq. 6-10 was modelled with respect to the displaced fluid
(microalgae), this relationship is expected to also apply to the displacing
fluid's (COz) flow behaviour. The reason is that the microalgae's enhanced

flow in the TPM is a function of the injected CO..

Consequently, for the benefit of this research, the relationship between
intrinsic mobility and multiphase mobility of a gas in an immiscible gas EOR,
at a given saturation or flow composition, can now be expressed by rewriting
Eq. 6-9 as:

MiViso

M, =
[Aee] Vi

6-11
Where:

Mi = intrinsic mobility of gas in mD/cp

M; = multiphase mobility of gas at a given saturation or fractional compassion

in mD/cp
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Vie = intrinsic Darcy velocity of gas in cm/s

Vi = multiphase Darcy velocity of the gas at a given saturation or fractional

compassion in cm/s

This research is interested in comparing the mobility ratio of gases to identify

how they approach the favourable condition of M<1.

Accordingly, for a comparative study of the gases used in immiscible gas EOR,
where performance is based on gas mobility, the following analogy can be

assumed correct.
For gases CH4, N2, CO; in immiscible displacement,
comparing Mcy, 0, My, Mco,0 == 1 sequavalent t o== M¢y,, My,, M¢o, 6-12

This research is interested in comparing mobility ratio: My, @293k 1atm
Mco,@293k 1atmr Mch,@203x 1aem tO identify how they approach the favourable

condition of M<1 when applied for the respective gases. Therefore, the right

side of Eq. 6-12 can be rewritten in the basic form of mobility equation as:

comparing Mcy, o, My, 0, Mco, oo
= (), ) (), ) (B2, )

The intrinsic mobility values for each gas are a direct outcome of the

6-13

experiment. The respective gas K/#. expressions are an explicit function of

the Darcy equation of state (Eq. 6-1), therefore was derived thence.
Consequently, the oil displacement competitiveness of the gases in these
experiments was interpreted such that: for a gas performance to approach
the desired M<1, it is expected that the experimental results for that gas
should indicate a comparatively low intrinsic mobility. Conversely, high
intrinsic mobility would signify a relatively high mobility ratio and would be

less likely to approach the condition M<1.
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6.1.3 Multiphase Vs Single-Phase Comparison

The experiment was conducted in a single-phase system. In contrast,
reservoir processes are usually in two-phase systems. Chin (2002) and
Schlumberger (nd) have suggested that most reservoir pressure-transient
analyses are conducted in a single phase. The assumption made to validate
the experimental outcome's application on the reservoir process is based on
engineering principles and several studies and published methods. The
principle of critical velocity in immiscible displacement as proposed in Hill
(1952), Chuoke, Van der Poel and Killian (1957), Van Meurs, and Van der
Poel (1959), and the Klinkenberg theory as developed in Li and Horne
(2001b) have been used to prove that for a comparative study, some two-
phase expressions can be reduced to a single-phase equivalence. The authors
mentioned above have shown the relationship between the behaviour of
intrinsic gas properties, such as density, viscosity and permeability in a

single-phase and in a two-phase system.

6.1.3.1 Critical Displacement Velocity:

The detailed evolution and derivation of the critical displacement velocity
equation are based on simple engineering principles that have been stated in
previous sections of this research. The critical displacement velocity as
derived from Lu, Weerasooriya and Pope (2014), can be expressed as:

The equation indicates that a measure of displacement efficiency at the pore
scale, that is, velocity, is a function of the difference between the oil and gas
properties (density and viscosity). Lake and Larry (1989), Al-Abri, Hiwa and
Robert (2009), Lu, Weerasooriya and Pope (2014) and Dietz (1953), as
mentioned in Dumore (1964), have repeated and applied this concept in their
experimental investigation of fluid behaviour, such as surfactant and
supercritical CO, displacement of oil. There is an extensive validation of the
relationship. Therefore, given an oil type with density and viscosity p, and o,

respectively, for a comparative study to evaluate the immiscible displacement
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performance of gases, where the driving force is predominantly from the
momentum of the gases, but the common permeability of the stable front is

controlled by surface volumetric production rate, the following thus holds:

Critical Velocity for oil-CH, displacement

Po — PcH
vey, = K — 6-15
CHa CHd <Mo - MCH4>
Critical Velocity for oil-N, displacement
Po — PN
VN, = K, —2 6-16
N2 Nzg <ﬂo - ﬂNz>
Critical Velocity for 0il-CO, displacement
Po — Pco
Veo, = K —_— 6-17
€0: co,9 <Mo - .Ucoz>

Taking note of the constants. Eq. 6-15, 6-16 and 6-17 can further lead to
equation reduction, such that comparing the critical velocity of the gases is
equivalent to comparing the density and viscosity quotients of the respective

gases:

p p p
VcH,, VN, Vco, ====> (K—) ,(K—) ,(K—) 6-18
v ’ M/ cu, H/N, H/ co,

It can be seen from the preceding equations that a two-phase system can be
reduced and represented by a single-phase domain space for a comparative

immiscible oil-gas displacement investigation.

6.1.3.2 Klinkenberg Theory
Klinkenberg theory has been used by Li and Horne (2001b) to relate gas
intrinsic permeability and their apparent permeability in a multiphase system.

A classic example of the Klinkenberg equation is expressed in Li and Horne
(2001b) as:
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kg = kgeo (1+22) 6-19
Where:
Ky = is the effective gas permeability at a mean pressure, P, (mD);
kg = the intrinsic permeability of gas at an infinite pressure (mD);
¢ = a proportionality factor which is slightly less than 1;
A = the mean free path of the gas (cm);
r = the average radius of the capillaries (cm).

The mean free path of a gas is inversely proportional to the mean pressure
Pm; thus, Eg. 6-19 could be reduced to:

kg = Kgeo (1 + %) 6-20

Where:

4c
b_

_m

6-21

Li and Horne (2001b) further published a derived relationship between gas

multiphase and single-phase permeability as:

1+b5w /Pm

oo (S = 6-22
Where:

Kyo(Sw) = intrinsic effective permeability at water saturation, S, (mD);

bsw = slip factor of the gas phase at a water saturation of S, (atm).

Furthermore, in relative permeability terms, they further derived that:

b
g Sur Pm) = krgeo (Su) (1 +722) 6-23
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Eg. 6-22 and 6-23 show the relationship between the gas intrinsic
permeability (i.e., in single-phase) to its apparent permeability (in

multiphase).

The experiments can secure values for the variable k,,. For an immiscible

system (two-phase), the fluids' viscosities are considered constant
(Muggeridge et al., 2014). Therefore, dividing both sides of Eq. 6-23 with the

viscosity of the gas, Eq. 6-24 is arrived at:

6-24

kgoo(sw) _ ( kg(SWva) )yields

Mg (Sw.Pm) )
W w(1+bs,, /Pm)

Mgoo(Sw) = ((1+bsw/Pm)

Recall the equation for mobility earlier expressed in Eq. 2-46. In this case, M;
in Eq. 2-46 is equivalent to Mgo(Sw) in Eq. 6-24. Thus, Eq. 6-24 can be
rewritten by substituting for ‘b’ in Eq. 6-21.

1

M, (Sy) = | | ———— | M, (S, Py 6-25
g ( ) <<1+(r4c K/Pm)>> g( )

Pm

For a comparative analysis, all the gases to be compared would experience
the same variables (such as Pm» and Sw) and constant parameters (c and r)

that make up the M, coefficientin Eq. 6-25. The exception is the parameter
A, the mean free path of the respective gases. For the reason that A is strictly

a unique gas property for each gas. Thus, Eq. 6-25 can be simplified to:

Sw.Pm
Mgoo(sw) = (%) 6-26

Eq. 6-25 signifies that for every measured My in @ multiphase system at a

water/liquid saturation, Sw, the corresponding intrinsic mobility is Mge.
Consequently, comparing the multiphase mobility of gases, (ﬁ—j) is equivalent

to comparing their intrinsic mobility, Mge.

Therefore, the expression in Eq. 6-12 could be rewritten as:

147 | Page



comparing Mcy, e, My, 0, Mco, o0

Mg (Sw, Pm) Mg (Sw, Pm) Mg (Sw, Prn) 6-27
_ —_— , —_— ) —_—
is equivalent to 1+A cH 14+2A N 1+A co

The preceding and the expression in Eq. 6-27 could be considered to provide
an analytical basis for applying single-phase gas comparison (such as in a
laboratory experiment) to a multiphase gas comparison (such as in a

reservoir setting).

6.1.4 Darcy Law

There are several fundamental equations of flow state (EOS) present in the
industry for PVT analysis and reservoir flow regime evaluation and
characterisation. A significant number of these equations were extensively
studied, and a careful appraisal method was used to identify which equations
should be applied and at what stage. The most applied equations of flow state
were classified into three main groups, those derived from experiments, such
as the Darcy (1856) and Poiseuille (1940) EOS; from analytical or pseudo-
analytical models, such as the Martin-Hou (MH) and Buckley-Leverett
fractional flow for immiscible fluid and Welge EOS; and from numerical
models. Other EOS also used by investigators are Fick’s, Navier-Stoke’s,
Euler’s, Bernoulli's and Poiseuille’s equations. Sezgin and Wall (1998)
reported their fluid flow investigation using Navier-Stoke EOS. Shehu (2018)
have used Ficks EOS to study hydrocarbon recovery and utilisation

technology.

Some of these EOS require investigators to estimate or approximate certain
constants and parameters, such as in Martin-Hou (MH) equation (Dong et al.,
2012). The Darcy equation developed by Henry Darcy in 1856 was adopted
in this research because of its straightforwardness and explicit variables that
can be directly observed and measured in an experimental setup.
Nevertheless, other EOSs, such as Poiseuille EOS, have also been applied at
a lower degree of relevance in this study. Darcy (1856) conducted some

experiments on flow in porous media aptly described in Figure 6-3 and came
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up with the mathematical expression for describing the isothermal flow rate
of fluid through porous media as a function of the viscosity of the fluid,
permeability tensor and pressure gradient across the media. This is
represented in Eq. 6-28. Furthermore, it would be observed that quantities
described in chapter two and emphasised by Warner and Holstein (2007) to
be critical to gas/oil displacement efficiency such as injection rate and
mobility are well represented in Eq. 6-28 (Buryakovsky 2001).

Q Q
_» Area of flow, A
P1 £
Length, [
Figure 6-3 Schematic of a linear Darcy Flow through porous media.
—KAdP
Q=—"a 6-28

Where:
K = Proportionality constant, also known as the permeability in mD;

A

cross-section area of the core sample in cm?

Viscosity of flowing fluid in cp;

T
Il

':l—f= Pressure drop per unit length in the direction of flow or pressure gradient

in atm.cm™;

Q = Volumetric flow rate in cm3.sec™.
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6.1.5 Modification of Darcy Equation

Authors have suggested and applied various modifications of the original
Darcy (1856) equation for single-phase linear flow to analytically solve
reservoir problems (Sezgin and Wall 1998, Yu-shu and Karsten 1996, Wang
2010). Buckley and Leverett (1942) modified the Darcy equation by adding a
capillary pressure term within the context of conservation of material to
characterise the immiscible displacement process. Welge (1952), on the other
hand, did away with the capillary terms in the Buckley-Leverett equation and
provided a graphical method for estimating oil production based on
saturation. Yu-shu and Karsten (1996) modified the equation to include
permeability and viscosity terms that allow for a single-phase form of the
equation to be valid for a two-phase flow. The Darcy equation has also been
modified to develop numerical simulators. Pruess (1991) applied an extension
of Darcy's law to develop a numerical simulator, TOUGH2, that describes
multiphase fluid flow. Similarly, in this research, the Darcy equation has
undergone some essential modifications to account for some reservoir and

experimental applicability and engineering principles and assumptions.

6.1.5.1 Modification of Darcy Equation for Radial Flow

This equation represents flow through porous media that is flat sheet
configured. However, in this work, a tubular core has been used. Flow is
through a radial path. Therefore, Eq. 6-28 has to be modified for radial flow.

For flow through a radially configured media with an internal and external
radii r; and ri, respectively, and height h, as shown schematically in Figure

6-4, the Darcy equation would need to be modified.
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Figure 6-4 Schematic for radial flow showing the flow direction towards to bore.

__ K2nrhdp
T ow  dr

Q

6-29

Notice, the area, A, has become 2nrh to account for the radial configuration.
Furthermore, the validity of Eq. 6-29 is based on incompressible fluid, but
this study is for gases, which are compressible fluids. Thus, the Darcy
equation for compressible fluids needs to be derived from Eq. 6-30.

6.1.5.2 Modification of Darcy Equation for Compressible
Fluid

Li and Horne (2001b) and Lui et al. (2018) have derived a Darcy equation
modification for compressible fluid gas as:

_ KgAAP Py,
I»l'gL Patm

Qg 6-30
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Where:
Qg = gas flow rate in cm3.sec’?;
Ky = is the effective gas phase permeability in mD;

W'y = viscosity of the gas phase in cp;

Patm = Atmospheric pressure in atm;

Pm = mean pressure in atm;

AP = the differential pressure across the core sample in atm;
A = cross-section area of the core sample in cm?;

L = length of the core sample in cm.

Notice Eq. 6-30 introduced P, and Pam to the original Darcy equation (Eq.
6-28). This implies that the mobility of a gas is inversely proportional to the
mean pressure. Various authors have represented the Darcy equation without
considering the temperature. It is important to include temperature due to
gas behaviour with respect to temperature variation. Kuuskraa (1982)
included a temperature element in his study of gas flow. Although how it was
derived was not stated in the study. This study is interested in the potential
effects of temperature on the respective mobility of gases used for immiscible
gas EOR. Therefore, the Darcy equation was modified to account for the
variation between the temperature of the injected gas and the reservoir
temperatures. The modification starts with the ideal and combined gas laws
that relate both Boyle's law and Charles' law (Slider 1983).

PV = znRT 6-31
Where:
P = Pressure (atm).

V = Volume of gas cm3.
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z = is the dimensionless compressibility factor of gas.
n = Numbers of moles (mol).

R

Gas constant (J.mol1.K1).
T = Temperature (K).
Rearranging Eq. 6-31 gives:

PV

— = nR = Constant 6-32
zT

It follows that for two sets of pressure, temperature, and volume conditions,
the ‘nR’ term would always be constant. There are different conditions other
than standard conditions in which gas activities could be measured or that
engineers may be interested in investigating. It is, therefore, proper to bring
such measurement to the standard condition of operation. Laboratory and
reservoir (res) conditions are some examples of such operating conditions.
The following analogy could be drawn based on Eq. 6-32:

(%)res = (%)Std = Constant 6-33

The subscripts ‘res’ and ‘std’ means reservoir and standard conditions,

respectively.

With respect to the volumetric rate, it becomes:

& — PstqQstd
zT Tsta

6-34

For convenience, the subscript ‘res’ has been removed from the expression
on the left side of Eq. 6-34.

Making Q, the reported volumetric flow rate, the subject of the formula,

Q — ZPstdQstdZ
Tsta P

6-35
Substituting for Q, in Eq. 6-30 gives:
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ZPStdQSEd T _ K.2nrh dP
Tga P W dr

6-36

Make the volumetric flow rate at the standard condition the subject of the
formula,

K.2nrhTgq PdP
ZWTPgeq dr

Qsta = 6-37

Eq. 6-37 could be rearranged to:

r _ K2mhTgqP

Quea’y =yt dP 6-38

ZWTPstq
Integrating both sides of Eq. 6-39 gives:

Q frl dar _ K.2mhTgstq
Sl T ZuTPgq

fp’? PdP 6-39
Where the boundary conditions are:

ri and r, = external and internal radii of the flow path, measured in the same
direction of pressure growth. This is the reason why the negative sign in the

original Darcy equation is taken out.
P: and P, = injection and exit pressure, respectively.

Kmth Tsea(P1*—P,?) 6-40

Qgpql Nt =
std™ T, ZWTPsta

zu' could be considered constant in most laboratory pressure conditions in
which this experiment falls. This claim is based on some published work by
(Zhuang 2020) and John (2007). According to Ahmed and Meehan (2012)
and John (2007), series of experimental results indicate that zy' is constant
for pressure under 2000psi (136atm). This study was operated under
4.00atm pressure, and it was a comparative study; therefore, Eq. 6-40 could

further be reduced and rearranged to give:

K 1h Tgq (P12 - Pzz)

Qua = i
std ﬂ TPStd 1 n:_]_ 6 41
2

154 | Page



Where:
L = zu’is a measure of the apparent viscosity of the EOR gases.

Eq. 6-41 is similar to the one in Kuuskraa (1982). The volumetric flow meter
used in the study is calibrated by the manufacturer at conditions of Ps«s and

Tsta @t 1 and 273K, respectively. Applying these values to Eq. 6-41 yields:

Kh (P> = P,?)
Qsta = SSSEFT 6-42
T

In Eq. 6-42, the following qualification can be made thus:

(P2-P%) _ . . .
—7— = Is the radial pressure gradient,

T2

g = is mobility.

% = is a representation of the Darcy velocity.

T = is the temperature of the fluid at the exit that is acquired by the fluid as

it permeates through the heated core sample.

6.1.5.3 Modification of Darcy Equation for Thermal Transfer

Based on the general principles of continuum mechanics (Andri et al., 2017,
Berker 2002, Bergstrom 2015, Chandrasekharaiah and Debnath 2014,
Coratekin, et al., 1999, Malkin 2012, Risby and Hamouda 2011, Pilvin 2019,
and Sadd 2018), an analytical process was applied to account for the potential
heat transfer that occurs between the core samples and injected gases. For
an isobaric flow, there exists an analytical relationship between T, the specific
heat of the gas at constant pressure, Cp (in J/g.K) and heat energy supplied
H (in J) by the system (or reservoir) to a unit mass, m, of the invading gas.
The specific heat capacity at constant pressure, which is the heat energy, in
J, required to raise 1g of gas by 1K, is usually represented as (Jin et al.,
2021):
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H
_ 6-43
Cp mAT

Where:

AT = difference between the outlet temperature T, and inlet temperature T
(T2 - Ty).

In terms of AT, Eq. 6-43 can be rewritten as:

AT = (T, — T1) = micp 6-44

In a comparative study to investigate energy transfer between gases and an
energy source (porous media or reservoirs), the First and Second
thermodynamics laws lend themselves to understanding how temperature
could be described. T: could be considered a convenient reference
temperature and a constant for all gases regardless of what reference value
the researcher decides to assign to Ti. For instance, from the source (gas
cylinder), each gas can be injected into the reservoir at a standard (273K) or
normal (293K) temperature. Therefore, without loss of generalisation, T: can
be eliminated as a constant and Eq. 6-44 can be reduced to Eq. 6-45.

H H
Tp=—— =Ty = —— 6-45

mCy mcCp,

Furthermore, the gases flowing through a reservoir or experimental core
would typically experience the same reservoir in-situ heat supply or core heat
as regulated by the investigator. Therefore, for a comparative study of gas
flow through a core at a controlled heat supply, the H is a constant.
Furthermore, if we assume the experiment is conducted with one mole of the
respective gases. The denominator m (g) can be dimensionally represented
by the molar weight MW (g/mol) of the respective gases. It, therefore, follows
that Eq. 6-45 can be represented thuvs:

1
T, =
2T MW,

6-46
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T, in Eq. 6-46 is equivalent to T in Eq. 6-42 for one molar flowrate. Therefore,
substituting T, in Eq. 6-42 yields:

EhMWCp(Plz - P,%)

T I nt
[§)

Qsta = 858 6-47

For a comparative study that includes temperature variation, Eq. 6-47 should
be considered more robust and useful for evaluating flows in reservoir or
laboratory cores, especially where temperature data cannot be collected and
instrumentation cannot accurately measure outlet gas temperature due to
challenges that include unaccounted heat loss in flow lines. The general Darcy
equation assumes isothermal flow. However, Eq. 6-47 is an analytical
equation that provides qualitative and quantitative solutions for capturing the
full extent of the PVT effect on gas properties across a spectrum of pressure
change and temperature change. Like the thermal conductivity of gases, C,
assumes different values for gases. The typical values for EOR gases CHs and
CO; are 2220 and 834 J kg'K?, respectively. It, therefore, means that C,
would make a suitable parameter for classifying EOR gases. Furthermore, if
the gases are to be compared using media with a similar configuration, this

implies that the parameters ln:—1 and h are constants to all gases. Therefore,
2

Eg. 6-47 can be further reduced to an apparent equation of:
K 2 2
Qstd—apparent = ;MWCp(Pl - P%) 6-48

The respective gas intrinsic mobility is the object of interest; it becomes easy

to compute, as molar mass MW and C, can be easily read off from gas

property chart, such as L'Air Liquide (1976).

It should, however, be noted that this equation is only valid for comparative
PVT analysis for gas. It is not a true value equation due to the equation

reduction that eliminates inlet temperature and heat supplied.

A true value equation would combine Eq. 6-42 and 6-44 to give:
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K h(P,? —P22) Mwc,

= 858— i
Osta =858 =7 MWC,Ty) 6-49
Tz

6.2 Estimation of Gas Intrinsic Mobility

This research observed that gas intrinsic mobility could be estimated by using

graphical and computational methods

6.2.1.1 Graphical Method for Estimating Intrinsic Mobility

For graphical estimation, Eq. 6-47 could be rearranged in 2 ways:

Qstd _ |K (P1%-P,%)
[85 &chp]i - [u( In2 )] 6-50
4

r2

Pz ) QseaMWC

Whereby for a gasi, the graph of ~~-2= (Pl against —— 2 would give a plot

rZ

with slope, % . This is considered to represent the weighed mean intrinsic

mobility of the gas, M; at an isotherm, T. It is a weighed mean value because
it would be observed from the curve's shape that it comprises more than one

flow regime.

Similarly, another rearrangement of Eq. 6-47 is:

T
Qstdlnl
[ ) 2 2
—| e |+ P2 =P 6-51
K<858hMWCp T A

1

1
In Eq. 6-51, a plot of P, against <d—nr2) would give a straight line with a

85 8MWC.
slope that is the inverse of the weighed mean intrinsic mobility of the gas, Mi

at T isotherm, with an intercept P,2.
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6.2.1.2 Computational Estimation of Intrinsic Mobility
This method is straightforward when all the required variables are measurable

and available. For a given gas, i, Eq. 6-47 could be rearranged with % as the

subject formula to give.

In1
L — E — Qstd r2 _
M; = (u) - <35 KMWC, (PIZ—PZZ)) 6-52
L

For this experiment, the flowmeter supplies readings for Q,;s; Thermometer
supplied T; Pressure gauge and flowmeter supplied Py, P>; meter rule and

calliper supplied h, r1 and r.

The significant difference between the graphical and computed estimates of
intrinsic mobilities is that the computed method can generate instantaneous
intrinsic mobility outright, while the graphical method generates a weighed
mean intrinsic mobility for the full range of pressure gradient. The graphical
method's benefit in this work is that it gives a better view of how the mobility
regime is developed along with the pressure, temperature gradient and gas

flow rate.

6.2.2The Rationale for the Operational Range of Parameters

The investigated parameters in the experiments have been inspired by the
outcome from phase one of this research and PVT understanding in the
literature. However, in designing the experiments, the following underlying

motives informed the parameter range.

6.2.2.1 Operating Temperature:

According to Charles law, the gas volume is directly proportional to
temperature for a fixed mass of gas. Therefore, a temperature contrast
between surface gas (as supplied) and reservoir temperature could
significantly affect gas volumetric flow behaviour, mobility, momentum, and
sensitivities. The expected change in volume is a factor of 273'K. It is

relatively small compared to what is obtainable in Boyles law on pressure.
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However, on a reservoir scale, this change could be significant. Therefore, it
is important to investigate how the mobility of the respective EOR gases
respond to temperature contrast. The temperature range for this experiment
has been selected to fit global reservoir reality as reported in the collated
database of EOR reservoir and journals. The Zhang, Lu and Li (2019)
classification of the Bohai Bay basin, China, indicates a temperature of 402K
to 473K. The global EOR survey of the Oil and Gas Journal (2014) revealed
an EOR reservoir temperature spectrum of 290K to 416K. Consequently, in
this experiment, a temperature spectrum covering the lower and upper

temperature limits was used: 293K to 673K.

6.2.2.2 Operating Pressure:

The pressure is a fundamental property of gas in many processes across the
oil and gas industry, physical and chemical processing industries. In porous
flow, pressure is required to overcome surface energy, friction, and it also
couples with permeability to determine flow or flux (Robinson et al., 2004).
It is usually difficult to set up laboratory experiments at reservoir pressure
conditions. However, a reasonable extrapolation can be made from a well-
defined laboratory pressure range. In this experiment, the pressure range
used is 0.20atm - 3.00atm gauge pressure. It is expected that the different
flow behaviour of the gases would have sufficiently revealed themselves
within this range to allow a sound extrapolation of higher-pressure gas
behaviour below critical pressure (Al-Dahhan et al., 1997). The assumption
is also based on the hyperbolic nature of the Pressure-Volume curve, which
suggests a steady dampening of volume as pressure increases. On the basis
that, unlike in miscible EOR, immiscible gas EOR does not need to get to the
critical point. Consequently, the laboratory pressure range would have utility

for immiscible gas EOR description.

6.2.2.3 Reservoir Pore Size Selection:

The established pore characterisations in the literature review are macropores
(d >50nm), mesopores (d =2-50nm) and micropores (d < 2nm) (Merlet, et

al., 2020, Rouquerol et al., 1994, Zhao et al., 2015). The core sample pore
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sizes have been purposefully selected to fit the global oil reservoir's pore size
spectrum. Although the database did not have sufficient information with
respect to the pore size of EOR reservoirs, the researcher resorted to journals.
Dou et al. (2018), Li et al. (2020), Wang et al. 2020b, and Zhang, Lu and Li
(2019) studied some reservoirs in the Bohai Bay and Ordos basin, China.
They characterised the reservoirs by pore size diameter ranging from
micropore (<100nm), mesopores (100-1000nm), and macropores
(>1000nm). Their results are similar to Nabawy et al. (2009) classification of
sandstone in some Egyptian reservoirs and Zhao et al. (2015) and
Ghanisadeh et al. (2015) classifications characteristics of Montney and
Bakken reservoirs. Consequently, the mean pore size of the core samples
used in this experiment ranges from 15nm to 6000nm. The pore sizes are as

determined by the manufacturer (see Table 6-1).

6.2.2.4 Porosity

Similarly, porosity was selected to fit reservoir realities. Some core samples
were selected so that two cores might have the same pore size but different
porosity. The porosity range in the experiments was informed based on the
porosity distribution found in the EOR database in phase one and journals
(Satter and Igbal 2016) as 3-20%. Tiab and Donaldson (2016) classified
reservoir quality by porosity as 0-5%—Negligible, 5-10%—Poor, 10-15%—
Fair, 15-20%—Good, >20%-Very good.

After a rigorous examination of methods, the core samples' porosities were
determined using bulk specific density and particle specific density relation to
porosity as suggested in Bess (2019) and Danielson and Sutherland (1986)
as represented in Eq. 6-53.

) 6-53

. Bulk Densit: Specific Particle Densit,
Poroszty=1—( y)=1—(p ! 4

Particle Density Specific Bulk Density

The bulk density was derived from a laboratory measurement of the sample’s
dimensions. The particulate density of the samples, as provided by the
manufacturer, was used. The manufacturer compositional profile and density

were consistent with the results from the Energy-dispersive X-ray
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spectroscopy (EDS) conducted on the core samples. The comparative
porosity results were further validated by the isothermal volumetric rate of
He in the respective core samples and the results of porosity determination

using the Archimedes principle.

6.2.2.5 Injected Fluid Thermodynamic Properties utilised:

The physical properties of gas include critical constants, vapour pressures,
viscosities, diffusion coefficients, and surface tension. The thermodynamic
properties include densities, enthalpies, entropies, fugacity coefficients, and
heat capacities. Since this study involves PVT analysis of EOR gases, it was
essential to identify and isolate properties and parameters relevant to the
PVT and EOR process for detailed investigation. A rigorous review of journals
and texts enabled the selection of key properties. For example, the density
of a displacing fluid can either be varied via pressure or by adding a gas with
a different molecular weight (Al-Dahhan et al., 1997). According to Avogadro
(1811), at standard temperature and pressure (STP), 1 mole of all gases
occupy 2.4L. This implies that at STP, the densities and specific densities of
gases are functions of their molar weights. This knowledge was stretched in
estimating the measure of momentum of EOR gases during momentum and
permeability contrast analyses. It was further applied to speculate a
hypothetical surface tension of the oil-gas systems using the L'Air Liquide
(1976), Macleod-Sudgen, and Weinaug and Katz (1943) equations. Al-
Dahhan et al. (1997), Reid et al. (1987), and Sebastian et al. (1981) have
experimentally investigated the relationship between pressure and some gas
properties for Hydrogen at conditions up to 170.00atm and at 410K. Based
on their work, some fluid properties such as the heat capacity at constant
pressure, mean free path and the kinetic diameter were adopted to study the

correlation between gas flow and these properties in porous media.
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6.2.3 Introduction to Experiments with the Multichannel, Multi-

Layer

6.2.3.1 Materials Used

The key materials used in the experiment include:

I. Core Sample: 5 structured tubular ceramic porous core samples were
used. The cores sampled are made of similar materials but with different
geometrical and structural characteristics, such as pore size, thickness and
surface area. To maintain consistency in comparing the gases, the study
ensured that all core samples were sourced from the same manufacturer.
This guaranteed the material integrity of all the samples used in the research.
It was important for the core to bear some similar characteristics. The core
samples are assumed to have evenly distributed pore sizes. Yu-shu and
Karsten (1996) stated that it is acceptable to study viscosity models, hence
flow systems, using experimental data from a capillary analogue of a porous
medium. This justifies the use of porous analogues, such as ceramic
membranes, filter paper chromatography, packed bed and silicon coating.
Similar ceramic core samples have been successfully used for reservoir and
gas study in porous media by authors such as Kajama et al. (2016),
Mohammed et al. (2016) and Shehu (2018). Table 6-1 highlights the key
characteristics of the core samples used in this study.

I1. Samples’ Structural Suitability: The manufacturing specification for
the samples used in the experiment is such that the membrane (restrictive)
layers are on the outside of the sample and the coarse support layers are on
the inside. The direction of flow or pressure gradient is from the outside to
the inside. The structural gradient formed by the layers of the membrane and
coarse support is analogical to different reservoir scenarios. For instance,
typical reservoirs are not structurally continuous (Apostolos et al. 2016,
Abdullah 2018, and Wang et al. 2020b). The different layers of sedimentation
make it possible to have different layers with structural uniqueness, where
some layered channels are coarser than adjacent layers (Bonnell and Hurich
2008 and Wang et al. 2020b), This is similar to what is obtainable in the core
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samples used in the experiments. Furthermore, the relatively restrictive
section of the layers is often responsible for the control of fluid dynamics
through the reservoir, such as experienced in the shale gas and fracking
system (Apostolos et al. 2016 and Wang et al. 2020b). Consequently, for
each media sample, it is expected that the flow dynamics is significantly
characterised by the restrictive layer on the outer surface.

III. Samples’ Compositional Suitability: Gas transport mechanisms in
reservoir pores include viscous flow, slip flow, Knudsen diffusion and surface
diffusion. Reservoir rocks are usually composed of inorganic and organic
materials (Brooks 1979, Hou et al., 2020). The organic nature of the reservoir
pore may interfere with the flow dynamic to varying degrees due to the
surface diffusion transport mechanism. However, the graphical presentations
of gas flow dynamic in Hou et al. (2020), Song et al. (2018a, 2018b), and
Wang et al. (2016) suggest that the adsorptive and the consequent surface
diffusion mechanism in organic media is only dominant in nanopores below
5nm. Therefore, implying that the effect of the pore’s organic nature is not
dominant in this study, because conventional reservoirs pore sizes are
typically above 5nm (Dou et al. 2018, Li et al., 2020, Wang et al. 2020b, and
Zhang, Lu and Li 2019). It is further understood that the most critical
parameters for fluid transport, reservoir description and quality are
structural, such as pore size, porosity and permeability (Alfarge, Wei, and Bai
2017, Breit 1992, Brooks 1979, and Slatt and Galloway 1992). Consequently,
without loss of generalisation, inorganic multilayer channels samples that
mimic the heterogenous structural realities of reservoirs were appropriately

used in this study.

164 | Page



Table 6-1 Properties of Core used for Gas Mobility Experiment

S/N Core1 Core2 Core3 Core 4 Core 5
Code S15NM B15NM S200NM S6000NM B6000NM

1. Manufacturer/Supplier Ceramiques Techniques et Industrielles (CTI SA),
France

2. Main material composition TiO2
Al O3

3. Pore size (nm) 15 15 200 6000 6000

4.  Weight (g) 4930 49480 53.20 47.90 274.10

5. Length (cm) 36.50 65.10  36.60 36.90 37.10

6. Effective Permeate Length (cm) 33.80 60.20 32.80 32.00 32.00

7. External Diameter (cm) 1.00 2.56 1.08 1.02 2.57

8. Internal Diameter (cm) 0.71 2.06 0.77 0.75 2.09

9. Core Thickness (cm) 0.15 0.25 0.16 0.14 0.24

10. Permeate Area (2) 105.99 48422 111.30 102.55 258.40

Figure 6-5 to Figure 6-10 show the different core samples used in the

experiment. The Energy Dispersive Spectroscopy (EDS) analysis can be found

in Figure B 1-4, APPENDIX B.
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Figure 6-5. Areal and Cross-Sectional view of 6000nm and 2.57cm outer diameter core sample.

Figure 6-6 Areal and Cross-Sectional view of 6000nm and 1.02cm outer diameter core sample.
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Figure 6-7 Areal view of 200nm and 1.08cm outer diameter core sample.

Figure 6-8Areal and Cross-Sectional view of 15nm and 2.56cm outer diameter core sample.
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Figure 6-9 Areal and Cross-Sectional view of 15nm and 1.00cm outer diameter core sample.

Figure 6-10 Comparing Areal and Cross-Sectional views of the five sample sizes.
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IV. Core Sample Precautions:

In handling the core samples, certain precaution worthy of note was taken
during the preparation of the material for the experiments. The core should
only be held by their laminated ends. Touching of the permeate surface area
was avoided to prevent contamination of sample nanopores. When fixing the
core samples into the core holder, sample damage was prevented by ensuring

the samples do not contact the stainless-steel core holder's inner walls.
V. Experimented Gases:

The experiments have been carried out using eight gases and gas mixtures.

These gases were selected and grouped based on three considerations.

The first consideration is that they comprise three pure gases and three gas
mixtures injected to displace oil in immiscible EOR projects. From previous
studies (Gbadamosi 2018) and analysis of data gathered from an EOR global
survey conducted in this research, it has been established that these three
gases and gas mixtures are the commonly used gases for the immiscible EOR
process. Consequently, these gases and gas mixture's effectiveness in EOR
application is the primary focus for this research aim and objectives and are
therefore categorised as Groupl gases in this research work. See Where di,
is the kinetic diameter of the component gases. When Eq. 55 is applied to

estimate Air kinetic diameter, the equation resolves to
N=2

1 1 1
d= > d; = E(d,Vz + dp,) = E(364+ 346) = 355 6-56

i
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Table 6-2 for a list of gases and their key properties that went into the

experimental analyses.

The second consideration for selecting the gases is that they comprise two
gas mixtures that are potentially obtainable in a reservoir due to injected gas
coming in contact with in-situ reservoir gases during immiscible EOR
implementation. The gas mixture could also be a deliberate injection strategy
to improve the density of the injectant. In multiphase flow, gas density can
be varied by pressure or by adding gas with a different molecular weight (Al-
Dahhan et al., 1997). These mixtures’ contact with trapped oil is expected to
generate a flow dynamism that could significantly affect recovery
performance. Whitson (1993) indicated the presence of in-situ CO; and N: in
different samples of reservoir oil. This implies that the presence of in-situ
reservoir gases can impact the performance of injected gases. Furthermore,
in engineering fluid dynamics, viscosity, a determining factor in mobility
regime, is not a material constant; instead, it is a material property that
depends on fluid mixture composition (Towler 2007). Therefore,

consideration of gas mixtures in immiscible EOR is unavoidably important.

The third consideration is that two non-EOR gases (Helium and Argon) were
included in the experiment. In Where di, is the kinetic diameter of the
component gases. When Eq. 55 is applied to estimate Air kinetic diameter,

the equation resolves to

N=2
1 1
d= 3 d; = E(d,\,z + dp,) = E(3.64+ 346) = 355 6-56

L
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Table 6-2, although it is only gases (S/N) 2,3,4,5,6 and 8 that could be
implemented in gas EOR practice, the reason for the inclusion of gas 1 and 7
is to provide an expanded spectrum for the investigation of gas physical and
thermodynamic properties such as molecular weight and thermal diffusion in
the mobility regime development. Furthermore, 10%Carbon Dioxide/Methane
and 20%Nitrogen/Methane mixtures were included as a means of studying
the varying molecular weight of gas mixtures encountered in EOR practice.
For the gas mixtures, a notional average molecular weight was obtained by
combining Dalton’s and Amagat’s laws of partial pressure and volume of gas
mixtures, respectively with the ideal gas law (Bejan 2016, Hilgeman, Wilson
and Bertrand 2007, Lehmann, Fuentes-Arderiu, and Bertello 1996, Smith and
Missen 2005, Weberg., Silberberg, and Weberg 2009). These laws enable the
estimation of notional average molecular weight, M, of a gas mixture with N
number of gases, with known mole fractions, n; and molecular weight, M. of
the respective component gas. This has been reduced in (Mills 1993,
Valougeorgis, Vargas, and Naris, 2016, Sharipov 2017 and Wei 2021) to:

N
M= Zni Mi 6‘54
i

The notional kinetic diameter, d (in pm), of a binary gas mixture is the
arithmetic sum of the respective radii, r; of the component gases as suggested
in (Anon 2021, Kandlikar et al., 2005, Mills1993, and Tec 2019).

N=2

1N=2 N=2
dZETi:EZdiZdi 6‘55
i i

i

Where d;, is the kinetic diameter of the component gases. When Eq. 55 is
applied to estimate Air kinetic diameter, the equation resolves to

N=2
1 1 1
d= EZ di = (dn, + do,) = 5(364+ 346) = 355 6-56
i
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Table 6-2 Show some physical and thermodynamic properties (molecular weight, kinetic
diameter and reactivity) of the EOR gases evaluated (Baker 2012, Jin et al., 2019, and Mehio
etal., 2014).

S/N Gas Chemical Kinetic Specific Heat Reactivity
Formula Diameter, Capacity at

pm Constant

Pressurel.kg-

1K-1
1. Helium He 4 260 5240 Non-Reactive
2. Methane CHa 16 380 2220 Non-Reactive
3. 10%Carbon 10%CO,/ 18.8 355 2050 Non-Reactive
Dioxide/ CHa
Methane
4, 20%Nitrogen/ | 20%Ny/ 25.6 378 1984 Non-Reactive
Methane CHa
5. Nitrogen N> 28 364 1040 Non-Reactive
6. Air 22%02/N2 29 355 993 Reactive
7. Argon Ar 40 340 524 Non-Reactive
8. Carbon Dioxide | CO2 44 330 834 Non-Reactive

6.2.3.2 Equipment Used

The following items of equipment as pictured in Figure 6-12 to Figure 6-20
were made available for this experiment. Figure 6-21 is a photo shot of some

of the connected equipment.

I. Core Holder

II1. Digital Flowmeter

III.  Pressure gauge

IV. Temperature indicator
V. Thermocouple

VI. Heating jacket

VII. Gas cylinder

VIII. Fume cupboard
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Figure 6-11 Show the core holder (A) and Core holder wrapped with heating tape and fibre

insulator to form a heating jacket with attached thermocouples (B).

Figure 6-12 Keller Pressure gauge for controlling and monitory of pressure flow in the core.

173 | Page



»

MR E

P PO
e [ &
FIRRTER. 8005, )

Figure 6-14 3 sizes of granite seal to seal off the core and core holder from gas leaks.
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Figure 6-15 Gas cylinder for storing EOR gases at 250Bar ordered from BOC, UK.
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Figure 6-16 Fume cupboard for exhausting gas.
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Figure 6-17 Barnstead Electrothermal Heat regulator the heat generated by the heating

element wrapped around the core holder.

Figure 6-18 A multichannel temperature transducer connected to three thermocouples probes

buried in the heating jacket. The transducer is also connected to the Digitron thermometer.
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Figure 6-20 Satorious electronic scale to measure the weight of the core samples.
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Figure 6-21 Photo shot of experiment in real-time, showing equipment setup: core holder
covered in heating tape (1), pressure gauge (2), heat regulator (3), thermocouple (4),

temperature indicator (5), volumetric flowmeter (6), gas cylinder (7) and gas

6.2.3.3 Experimental Conditions:

I. The experiment was conducted under a steady-state condition as
suggested and described by Morton-Thompson and Woods (1993)

II. Gas injection pressure range from 0.20-3.00bar (gauge) at 0.40bar
intervals.

III. The temperature was at intervals 20°C, 50°C, 100°C, 150°C and
400°C, respectively. The phase one temperature classifications informed the

temperature distribution in the experiments. Low-temperature is <300C and
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High-Temperature >300C in the studies of Gui et al. (2010) and Jia et al.
(2012).
IV. All units were subsequently converted to be consistent with millidarcy
unit, mD, as follows:

i. Pressure: atm

ii. Temperature: K

iii. Length, Height, radius: cm

iv.  Viscosity: cp

6.2.3.4 Experimental Setup

The core samples and core holders were inspected for damage, wear and
leak. The core was then placed inside the core holder through one end of the
core holder. Once the core was confirmed adequately seated on the seals on
both sides of the core holder chamber, the core holder caps were then
securely screwed in place on both ends of the core holder. This process was
carefully done to prevent any breakage or fracture in the core, as any crack
or fracture would affect the experiment's integrity due to the superfluous
permeability that would result in the fractured zone. It was then wrapped
with the heating jacket. The core holder setup was attached to a core holder
rig. Steel clips were used to hold both ends of the core holder in place. Three
thermocouple probes were then buried into the heating jacket to measure the
core holder system's operating temperature. The purpose of these probes is
to enable the researcher to regulate and take various temperature readings

of the core holder setup.

A pressure regulator and pressure gauge were connected between the gas
supply (gas cylinder with an appropriate gas regulator) and the core holder's
gas inlet. This was used to take pressure readings for gas being injected into
the core sample. The lower end exit of the core holder (Permeate) was
connected to a digital flowmeter to measure the rate by which the respective
gases permeate the core at various temperatures and pressure. The gas

exiting from the gas flowmeter was then exhausted at atmospheric pressure
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into a fume cupboard. Figure 6-22 is a schematic of the experimental

arrangement.

Core holder plug

Pressure Gauges

Core hollow

Steel Core holder

Pressure

Porous Core
Regulator

eating Tape

Gas Molecules

Core/gas Seal

Bt Thermoprobes— |
 Cylinder

Heat Regulator  Thermometer Flow Metre

Figure 6-22 A Schematic of Experimental set up for Gas Mobility Investigation

6.2.4 Experimental Procedure

I. The heat regulator was used to heat the core holder above the desired
temperature, usually by 100K, then the core holder system was allowed to
cool down to the desired temperature. The aim was to allow for thermal
stability to be achieved between the core holder and the core sample. It was
observed that when the core holder was initially heated, the temperature drop
was rapid. However, as the system approach thermal stability, the
temperature drops significantly reduced. It is assumed that at that point, the

core holder and core share a similar temperature. Subsequently, the heat
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regulator is monitored and adjusted to maintain 5K of the desired
temperature or isotherm. Step I was not required for the first isotherm, being
at room temperature, which is approximately 293K.

II. The desired gas from a gas cylinder or manifold was supplied into the
core holder setup through a pressure gauge. The pressure gauge was then
used to regulate and monitor the desired pressure. Once the desired pressure
is achieved (with an error of £0.01atm), the system is allowed to operate
long enough for the flowmeter to attain steady-state flow.

ITI. Once flow stabilisation or steady state is attained, the flowmeter,
pressure gauge and thermocouple readings are recorded.

IV. Procedures II and III are repeated at pressure intervals of 0.4bar
starting from 0.20bar until the maximum pressure, 3.00bar, for the
experiment is achieved for a particular isotherm.

V. Steps I to IV are repeated until the maximum temperature, 673K, of
the experiment is reached.

VI. Steps I to V are repeated until all the gases, and the five core

analogues have been sampled.

6.2.5 Accuracy and Errors

Temperature and pressure were regulated from low to high (Temp: 293K to
673K and Pressure: 0.20bar to 3.00bar). Temperature readings were
collected at +£5K. This translates to 10% and 1.25% error for the lowest
(293K) and the highest (673K) adjusted temperature readings, respectively.
Pressure gauge readings were collected at £0.01atm. This translates to 5%
and 0.33% error for the lowest (0.20atm) and highest (3.00atm) gauge
pressure readings, respectively. Vernier calliper readings were carefully
taken, save for possible errors due to parallax. The weight of samples and
flow rate were obtained from a calibrated digital weight balance, thereby
eliminating certain errors. Electronic devices used were often tared before

new measurements are taken.

Efforts were made to always finish all the runs for gas on the same day and

setting. This is to avoid or reduce the interference from the change in
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operating conditions on experimental data. It was observed from earlier trial
runs that stopping and restarting a set of runs for the same gas slightly
changed the resulting outcome. Similarly, only one set of apparatus was used
for the experiment to avoid calibration errors that might result if a new
apparatus or equipment were to be introduced to the setup. Furthermore,
between EOR gas runs, such as CO; and N, an inert gas, such as He and Ar,
was used to flush the core by gradually injecting the inert gas from 0.50bar
to 3.00bar through the core sample. Although unlikely, however, this was a
proactive measure to eliminate any potential physical or chemical reaction
that might occur in the core due to gas mixtures at higher temperatures and
pressure, although it has been stated that the gases are non-reactive.
Furthermore, before reading for a new run, the new gas is first used for
flushing the core to expel any residual of the previous gas. It is qualitatively
assumed that the new gas should sufficiently displace the older gas due to

the pressure difference.

6.2.6 Safety Measures

An ethical and safety assessment was aptly done and approval granted by
Robert Gordon University for these experiments. Gas Handling training was
done before proceeding with the experiments. Personal Protective Equipment
(PPE), such as gloves and goggles, were worn at all times and a lab coat.
Electrical and gas leak checks and equipment functionality checks were done
before the start of every run and shot down. Gas cylinders were properly
secured. The laboratory was adequately ventilated and lighted at all times.
Exit gases were appropriately exhausted to a functional fume cupboard. An
oxygen detector was in place to measure the safe oxygen level in the
laboratory when working with liquid Nitrogen. Fire extinguishers were in place
all through the experiment. Importantly, at least one trained gas handler was
required to be in the laboratory at all times during the experiment. The
opening and closing hour policy of the University laboratory was strictly

followed.
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6.2.7 Limitations, Constraints and Scope of Research

Gas availability was a major constraint during the experiment, as it takes
time for the gases to be ordered and received while the researcher runs out
of gases. Some gases, such as CH4 and 30%CO,/CH4, were in small cylinders
and they often depleted before a full set of runs were completed.
Consequently, for some gases, only one run was carried out, while in other
gases, such as Ar and CHs, multiple sets of runs could be afforded for data
check purposes. Generally, the COVID-19 presented a significant challenge
to research activities. Time constraint was an issue as there was limited time

for analysing the various aspects of the experimental results.

6.2.8 Engineering Assumptions

It is assumed that no chemical reaction occurs in the experimental processes
for the PVT conditions and gases used. It is assumed that any imperfection
in the system should affect the performance of the respective gases equally.
Therefore, such imperfection would not significantly affect the comparative
analysis and performance evaluation of the EOR gases. Although engineering
justifications for using a single-phase mobility experiment to describe
multiphase reservoir mobility have been presented in previous sub-sections,
care must be taken to avoid the oversimplification of research findings. It is

assumed that all analytical application of EOR obey the continuum mechanics.
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Chapter Seven

7 EXPERIMENTAL RESULTS AND DISCUSSION

Robust gas experiments have been carried out. Kantzas, Bryan and Taheri
(2012) stated that the optimal requirement to secure an accurate
experimental measurement of permeability should be at least 12 flow tests,
comprising four flow rates at the three isobars. This study used permeability
as a building block for other engineering quantities, such as mobility and
transmissibility, to evaluate EOR gases. Consequently, this research
conducted 1,920 flow tests and obtained 15,360 experimental data points for
analyses. The figure is 160 times more than the requirements suggested in
Kantzas, Bryan and Taheri (2012). Therefore, the research is confident that

the subsequent analyses would present a high level of reliability.

Engineering interpretations and assumptions have been made to explain the
phenomena observed in the experiments. The experimental data lend itself
to calculating two sets of intrinsic mobilities for the gases. One is derived
graphically using Eq. 6-50 or Eq. 6-51. The benefit of these equations is that
they allow the opportunity to study how the gases' intrinsic mobilities develop
along isotherms and isobars. The other mobility was derived by direct
computation of experimental data into Eq. 6-52. The mobility values derived
using Eq. 6-52 are the instantaneous mobility at specific pressure and
temperature, such as 1.20atm gauge pressure and 293K. Most of the
analyses were carried out using computed mobility. Once the individual gas
mobility, interstitial velocity and momentum values have been derived, they
were then analysed and compared using the expression in Eq. 6-12. The
gases' volumetric flow rates were analysed based on the concept of pore
volume (PV). Intrinsic mobility was graded based on mobility ratio
approaching unity (M<1). Interstitial velocity was graded based on its effect

on the capillary number and critical velocity. Interstitial momentum and flux
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were graded based on the conservation of momentum. The graphs have been
plotted to enable the PVT analyses and characterisation of EOR gases. While

the evaluations were based on the following five objective functions:

1. Volumetric Flow rate
II. Intrinsic Mobility
III. Interstitial Velocity

IV. Interstitial Momentum

The graphs produced from the experiments take the forms found in journals
for Pore volume vs. Qil recovery graphs for the two-phase study of water and
gas flooding, such as in Wu and Pruess (1998). The shape of the mobility
graphs is similar to those reported in journals for two-phase oil displacement
by water injection, such as in Lyons and Plisga (2011). These similarities give

engineering credence to the results presented in the chapter.

7.1 Objectives Achieved
The following have been achieved in the following sections:

I. Successfully characterised gases used in immiscible gas EOR based on

EOR performance as required in Objective II.

II. Validation of outcomes from data mining as required in Objective I.

III.  PVT characterisation of gas properties as required in Objective III.

IV. Production of an EOR optimisation curve as required in Objective 1IV.
At the end of this chapter, the laboratory analyses of the Rotondi et al.

(2015) flowchart would have been revealed.

Screening Laboratory Analyses
Phase & Simulation
Research Research
Phasel Phase l1 & 11l
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7.2 Data Summary of Phase Two

The experiments recorded 1,920 runs and 15,360 data points. This comprises
five core samples, eight gases, eight isobars, and six isotherms. The data

includes flow rate, temperature and pressure.

7.3 Presentation of Experimental Results

The experimental data were compiled, and analyses were carried out using

techniques, such as graphical methods.

The following series of graphs shows the characterisation of EOR gas in five
core samples. For a better visual appreciation of the results, several
parameters were simultaneously considered in a single graph. For example,
some graphs are plotted so that flow rate, pressure, temperature and core
size could be evaluated together. This makes it possible to evaluate more
than one relationship in a single graph. Consequently, the primary and

secondary axes of the graphs were all used.

Furthermore, a number of the graphs hold multiples of 4 to 5 sub-graphs.
Where applicable, the sub-graphs are demarcated from each other with
dotted vertical lines. The purpose of using this graphical method is to enable

the discovery of trends and their nature of propagation.

Except where stated, the primary x-axis of the graphs holds the pressure
variable. The primary y-axis holds flow rate or intrinsic mobility. However,
where there are flow rate and intrinsic mobility on one graph, the primary y-
axis holds the flow rate while the secondary y-axis holds the intrinsic mobility.
Whenever the temperature was considered, the secondary y-axis holds it.
Attempts were made to use the same scale within and across all the different
graphs to ease visual and qualitative comparison. The following subsections
are graphical presentations and discussions of results from the experiments

for the eight gases and five core samples.
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7.4 Volumetric Flow rate and Mobility Characterisation

of EOR Gases in Five Core Samples

7.4.1CHa:
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Figure 7-1 shows the flow rate profiles of CH4 in the five core samples as a
function of varying pressure and temperature. The figure is observed to
reveal the effect of structural parameters, pressure and temperature on CHs
flow behaviour in the five core samples. It can be deduced that pressure and
temperature could significantly affect the flow rate, hence the displacement
of trapped oil by injected CH4. Figure 7-2 shows a similar graph but for CHs
mobility.
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CH, FLOWRATES IN 5 CORE SAMPLES AND 6 ISOTHERMS
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Figure 7-1 Graph showing injected PV profile as a function of pressure, pore size and

temperature for CHy.

The performances of CH4in Core 2 and 5 are quite distinct from the other
core samples. They indicate that besides pressure and temperature, other
factors are detecting the flow and mobility of CH4 across core samples, such
as porosity. The flow profile is significantly characterised by porosity than by
pore size. That could explain why Core-1 and Core-2, even though they share
the same pore size 15nm) but different porosities, have different flow
patterns in Figure 7-1. Temperature is observed to affect gases more in
higher porosity samples (Core-1, 3 and 4)) than in tighter samples or

reservoirs (Core-2 and 4).
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CH, MOBILITY IN 5 CORE SAMPLES AND 6 ISOTHERMS
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Figure 7-2 Graph showing mobility profile as a function of pressure, pore size and temperature
for CHg.

7.4.220% CHa4/Na2:

Figure 7-3 shows the flow rate of 20% CHa4/N; in the five core samples as a
function of varying pressure, temperature and structural parameters. It also
reveals the growth pattern of flow rate with temperature variation for 20%
CHa/N2 in each of the core samples. Figure 7-4 shows a similar graph but for
20% CHa4/N2 mobility.
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Figure 7-4 Graph showing mobility profile as a function of pressure, pore size, and temperature

for 20% CHa/N-.



7.4.3N>

It is shown in Figure 7-5 that the flow rate of N in the five core samples is a
function of varying temperatures. It also reveals the growth pattern of flow
rate with temperature variation for N, in each of the core samples. It is
qualitatively observed that the response to an increase in temperature is not
as significant here as in CHs. Figure 7-6 shows a similar graph but for N;
mobility. The two graphs show that gas flow and mobility are both segregated

by the respective core samples' porosities.
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Figure 7-5 Graph showing injected PV profile as a function of pressure, pore size and

temperature for N>
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N, MOBILITY IN 5 CORE SAMPLES AND 6 ISOTHERMS
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Figure 7-6 Graph showing mobility profile as a function of pressure, pore size and temperature
for N>.

It was observed that injected PV is generally proportional to pressure for all
core samples. However, to attain a certain PV, it was observed that it takes
less pressure to achieve it in smaller pore media than in larger pore media.
This also reflects the ease of overcoming capillary pressure by assuming the
gas is in a hypothetical two-phase system with the solid matrix of the media.
This type of analogy is drawn from mercury invasion experiments, where
mercury is considered to be in a two-phase system with the media’s matrix
in determining capillary pressure. The results from this research in terms of
capillary pressure contradicts Eq. 2-8 and the results of Andrew, Bijeljic, and
Blunt (2014), which state capillary pressure and displacement pressure are
inversely proportional to entering pore size. It is speculated that the
discrepancy could be due to the porosities of the samples. If the porosity is
too low, it means there are fewer capillary channels for the gas to flow

through, regardless of the size of the pore.
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7.4.4 Air:

The profile of the Air flow rate is shown in Figure 7-7. It reveals the growth
pattern of flow rate with temperature variation for Air in each of the core
samples. Figure 7-8 shows a similar graph for Air mobility. The experimental
and numerical simulation results by authors, such as Yin and Ma (2018),
suggest that the oil recovery factor increases with injected PV of Air. From
their work, it was observed that the injected PV is greatest in the high
permeability core. From the core structural parameters (permeability,
porosity, core length, and diameter), it can be deduced that the porosity of

the core samples is a determining factor for the injected PV.
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Figure 7-7 Graph showing injected Air PV profile as a function of pressure, pore size and

temperature.
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AIR MOBILITY IN 5 CORE SAMPLES AND 6 ISOTHERMS
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Figure 7-8 Graph showing Air mobility profile as a function of pressure, pore size and

temperature.

Yin and Ma (2018) carried out an Air EOR experiment. Their results indicate
that higher recovery was recorded at higher permeability core samples.
Muggeridge et al. (2014) and some other authors have maintained that the
recovery factor is a function of relative mobility approaching the condition
M<1. Similarly, Eq. 2-46 and 2-48 suggest that the favourable condition is
an explicit function that is inversely proportional to the injected fluid
permeability. Therefore, Yin and Ma (2018) experiments could be said to have
negated the analytical and empirical expectation of the relationship between
oil recovery and injectant permeability. Although Yin and Ma (2018) have
reported the phenomenon of oxidation reaction that generated CO,, CO, flue
gas and heat energy that aided oil recovery in the high permeability core

sample, there was, however, no qualification of the contribution such reaction
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made to oil recovery in their paper. The results depicted in

AIR MOBILITY IN 5 CORE SAMPLES AND 6 ISOTHERMS
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Figure 7-8 contrasts those of Yin and Ma (2018) but are in line with the
general principles of mobility suggested in Muggeridge et al. (2014).

7.4.5CO0:

The flow rate of CO; is shown in Figure 7-9 for the five core samples as a
function of varying temperatures. It also reveals the growth pattern of flow
rate with temperature variation for CO; in each of the core samples. Figure

7-10 shows a similar graph for CO, mobility.
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Figure 7-10 Graph showing mobility profile as a function of pressure, pore size, and

temperature for CO;.



7.4.6 He and Ar:

Figure 7-11 and Figure 7-14 respectively show the flow rates of He and Arin
the five core samples as a function of varying pressure and temperature. The
graphs also reveal the growth pattern of flow rate with temperature variation
for He and Arin each of the core samples. Figure 7-13 and Figure 7-14 show

a similar graph for He and Ar intrinsic mobilities.
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Figure 7-11 Graph showing injected PV profile as a function of pressure, pore size, and

temperature for He.
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Figure 7-13 Graph showing injected PV profile as a function of pressure, pore size and

temperature for Ar.



AR MOBILITY IN 5 CORE SAMPLES AND 6 ISOTHERMS
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Figure 7-14 Graph showing mobility profile as a function of pressure, pore size and temperature
for Ar.

7.5 Volumetric Performance Evaluation of EOR Gases

in Core Samples

Figure 7-15 and Figure 7-19 show the volumetric flow rate profile of gases in
the five core samples. Recovery efficiency has been evaluated using pore
volume factor or cumulative pore volume of various injected fluids (water,
surfactants, gases) by authors, such as Cronquist (1977), Fanchi (2002),
Feng and Yu (2015), Rob Lavoie (2016), Gomari and Amrouche (2017),
Newell and Ilgen (2018) Lake, Lotfollahi and Bryant (2019) and Liu,
Ostadhassan and Cai (2019). Their conclusion indicates that increasing pore
volume increases the oil recovery factor. Therefore, for a comparative
analysis, where time is the basis, the injected fluid that produces the most
pore volume within the time basis is considered the fluid that would produce
the most oil (Cronquist 1977). This translates to greater oil recovery and
performance. These statements are also considered valid for immiscible gas

EOR based on the Buckley-Leverett immiscible flow principle in porous media.
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Figure 7-16 Graph comparing the volumetric flow rate profile of gases in Core-2, 15nm pore

size at the temperature range of 293-673K.
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Figure 7-17 Graph comparing the volumetric flow rate profile of gases in Core-3, 200nm pore

size at the temperature range of 293-673K.

Figure 7-18 Graph comparing the volumetric flow rate profile of gases in Core-4, 6000nm pore

size at the temperature range of 293-673K.
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Figure 7-19 Graph comparing the volumetric flow rate profile of gases in Core-5, 6000nm pore

size at the temperature range of 293-673K.

Applying these findings and principles to the results from the experiments
conducted in this study reveal that CH4 is consistently the most competitive
gas for all pore sizes and distribution sampled. This volumetric performance
of CHs was observed through the gauge pressure (0.20-3.00atm) and
temperature (293-673K) range of the experiments. It reconfirmed that the
flow per area of porous media is a function of applied pressure (Robinson et
al., 2004). This implies that in evaluating and characterising gases based on
the objective function of volumetric flow rate or pore volume, CH4 should be
considered the most suitable gas in displacing oil. This experimental finding
cannot explain Al Adasani and Bai's findings in Figure 2-5, where the oil
recovery factor from CO; is reported to be more than the ones reported for
CHs4 and N». This result, however, validates the finding from the data mining
phase in Figure 5-8, where CH4 (hydrocarbon) gas EOR process is observed
to form a cluster at the topmost end in the displacement efficiency graph
compared to other gas EOR processes. The recovery factor is reported by
Thomas (2001) and Muggeridge et al. (2014) to be the sum of Ey (volumetric

sweep efficiency) and Ep (displacement efficiency or capillary level recovery).
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The CHs may only be significantly effective in enhancing Ep than Ey. If this is
correct, it implies that CH4 is a better injection gas for overcoming capillary
forces that exist at residual saturation and reservoirs with small pores size
and low effective porosity and permeability. Figure 5-3 (data mining) lends
itself to this assertion, as CHs was found to be implemented in low to high
porosity reservoirs. It is worth mentioning that the volumetric flow rate
graphs here take the form similar to the one found in the Pore volume vs Qil
recovery efficiency graph in two-phase water flooding reported in Wu and
Pruess (1998). Therefore, implying that these comparative results can be

qualitatively accepted for characterising EOR gases in oil reservoirs.
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Table 7-1 shows the gases' quantitative ranking based on their respective
volumetric output (performance) in each of the core samples. A qualitative

inspection of
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Table 7-1 shows that the volumetric output is not aligned with the molecular
weight of the gases and mixtures. As earlier mentioned in a previous section,
the gases investigated in the experiments include gas mixtures and non-EOR
gases (He and Ar). The main aim of including them is to enable a broader
data spectrum for a robust investigation of fluid properties’ effect on

performance.

The colour code is the same as the colours assigned to the respective gases
in the previous graphs. The scattering of the colour codes in columns 3 to 8
indicates there could be a flow mechanism that is inspired by the porous
media and gas properties, which significantly cause the gases to behave
differently in the five core samples. Suffice to state that this mechanism is
not noticeable in He and CH4 gases, as both gases maintained their relative

ranking in the five core samples.
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Table 7-1 Volumetric flow rate performance ranking of gases vis-a-vis gas properties

Original
MW
Order 16 24.4 18.4 29

Flow
Ramking | 1 2 3 a 5 6 7 8
0,
Core-1 CHa  20%N,/CHa Air 10%CO2/
CHa
0,
Core-2 CHs 20%N/CH4 Air 10%CO0,/
CHa
0,
Core-3 CHy  10%C02/ 540N, CH, Alr
CHa
0,
Core-4 CHa Air 20%N5/CHa 10%CO0,/
CHa
0,
Core-5 CH, = 10%C0/ i 20%Na/CHa
CHa
0,

Although columns 3 to 8 quite deviate from the actual molecular weight order
for the gases, however, when their ranked flow rate was plotted against gas
properties-the inverse of the square root of molecular weights, and specific
heat capacities, the R? was up to 97% for all the core samples (Figure 7-20).
This indicates that the flow behaviour of the respective gases and their
competitiveness can be significantly described by gas molecular weight and
specific heat capacity. However, the R? between flow rate and gas kinetic
diameter was less than 50%. Indicating Kinetic diameter does not contribute

as much as the molecular weight to the gas flow behaviour in this study.
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OVERALL GAS PERFORMANCE AND PROPERTIES RELATIONSHIP IN 5
CORE SAMPLES @323K

# Gas Molecular Weight B Kinetic Diameter A Specific Heat Capacity at Constant Pressure

10000

A R=07218

1000

100

R?=0.9231

*
10

0 5 10 15 20 25 30 35 40
PERFORMANCE RANKING

GAS MOLECULAR WEIGHT (G/MOL) KINETIC DIAMETER (PM) SPECIFIC
HEAT CAPACITY AT CONSTANT PRESSURE (J KG-1K-1)

Figure 7-20 Effect of gas properties (molecular weight, Kinetic diameter and specific heat) on

gas volumetric performance ranking.

The significance of
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Table 7-1 and Figure 7-20 in reservoir engineering is that it enables engineers
to predict the potential volumetric performance behaviour of resultant gas

mixtures that may occur before and during injection and oil displacement.

7.6 Intrinsic Mobility Performance Evaluation of EOR

Gases in Core Samples

The series of graphs in the subsection are multivariable graphs used to
simultaneously evaluate and compare the gases' intrinsic mobility in each of
the five-core samples. Each of the plots is colour coded and is assigned to a
particular gas. For all the graphs in this subsection, care was taken to order
the colour coding according to the gases' molecular weight. Consequently,
the graph's legend begins with the lightest gas (He) and ends with the
heaviest gas (CO.). This is to intuitively test whether the intrinsic mobilities
of gases are aligned according to their molecular weight. The graphs are also
based on temperature variation. Each band of the plots is a temperature
block. There are six temperature bands, beginning from 293K to the
maximum experimental temperature of 673K. Banding the intrinsic mobilities
together allows investigating the nature of the propagation of EOR gases'

intrinsic mobilities as core or reservoir temperature increases.

7.6.1Core-1 (S15NM)

Figure 7-21 is the graph that compares the mobility of the gases in Core-1
(S15NM) with pressure and temperature variations. Although the graph
indicates that mobility decreases with pressure and temperature for all gases,
however, the rate and extent of the decrease are not the same for all gases.
While the response to pressure is significant, the response to temperature is
marginal. Furthermore, the mobility of the gases is not consistent with
molecular weight. He and CH4 are light and therefore have comparatively
higher mobility by way of their molecular weight. This could not be applied to
the intrinsic mobilities of N> and Air. Per the molecular weight principle, Nz is
expected to be more mobile than Air and, therefore, should have higher

mobility than Air. Nevertheless, the reverse was observed to be the case in
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Core-1. CO: consistently had the least mobility in all pressure and

temperature range.

GAS MOBILITY PROFILES IN CORE-1 (S15NM)

—He —CH4 10%C02/CH4 20%CH4/N2 N2 AIR Ar co2

0.18 - 800

0.16 A 700

673K

0.14 A 600

0.12 4
500
01 473K
423K 400
0.08 A 373K
323K

300
0.06 - 293K

INTRINSIC MOBILITY, MD/CP
CORE TEMPERATURE, K

0.04 4 200

0.02 4 100

0.0T = TAT T T ool oo aceT Tt

30}
0.04+HrH+H1He H4Ha Hb et A P A e EH A H

30
0.0f---==-F==g-=----r--d---l--1-_-

30f
0.0 -=====F==t====mmm-—o—m— oo

<
)

30

X0 de b B ek Yo i ks kg nhnnkdnly
301

0.0

====>INJECTION PRESSURE, ATM

Figure 7-21 Graph comparing the mobility profile of gases in Core-1, 15nm pore size at the

temperature range of 293-673K.

7.6.2Core-2 (B15NM)

Figure 7-22 is the graph that compares the mobility of the gases in Core-2
(B15NM) with pressure and temperature variations. The graph indicates that
mobility decreases with pressure and temperature for all gases, similar to the
gases’ behaviour in Core-1. Some differences were, however, observed for

all gases; these include:

The intrinsic mobilities were significantly lower than the intrinsic mobilities in
Core-1. The gases were tightly clustered. This implies EOR gases are not

significantly discriminated with respect to mobility.

While the response to pressure is significant, the response to temperature is
insignificant. Recall that Core-1 and Core-2 have the same pore size (15nm);
the difference between the two cores is their entering surface area, radial

thickness and porosity. As shown in the Core-1 and Core-2 graphs, intrinsic
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mobilities in the latter are quite lower than intrinsic mobilities in the former
by a factor greater than 5. Assumably, the magnitude of this factor could be
attributed to the ratio between the entering surface area of Core-2 to Core-
1, which is 4.7. Another explanation could be the low porosity of Core-2,
which implies less internal porous surface area to conduct flow. If this
assumption is correct, then a revisit to the data mining graphs should reveal
that in lower porosity reservoirs, gas EOR processes are not significantly
discriminated. However, in higher porosity reservoirs, the gases should show

some pattern of discrimination.

Although He and CH4 are more mobile than the other gases in Core-1, this is
not the case in Core-2, where helium is significantly affected by the flow
mechanism that generally dampened mobility in Core-2. It can be concluded
that EOR gases would perform far better in Core-2 than in Core-1 due to the
gases' generally low mobility. Therefore, it should be more cost and
production effective to implement gas EOR in low porosity reservoirs. This
validates the observations in Figure 5-2 and Figure 5-3 (data mining section),
where gas EOR are mostly implemented in low porosity reservoirs compared
to other EOR technologies, such as Thermal EOR. It has earlier been stated
in Table 5-3, based on data mining, that porosity is not a selection criterion
for gas EOR processes. However, it was included in the experiment to
evaluate if there are any performance advantages. It can be concluded that
with respect to mobility and Core-2, there is no performance discrimination
for the gases. However, in its pore size cohort (i.e., Core-1), EOR gases are

segregated with respect to mobility.
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GAS MOBILITY PROFILES IN CORE-2 (B15NM)
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Figure 7-22 Graph comparing the mobility profile of gases in Core-2, 15nm pore size at the

temperature range of 293-673K.

7.6.3Core 3 (S200NM)

Figure 7-23 is the graph that compares the mobility of the gases in Core-3
(S200NM) with pressure and temperature variations. Although the graph
indicates that mobility decreases with pressure and temperature for all gases,
however, the rate and extent of the decrease are not the same for all gases.
While the response to pressure is significant at lower pressure, however, as
the pressure increase beyond the median pressure of 1.60atm, the rate of
change to pressure reduces significantly. The response to temperature
variation is observed to be marginal after the median pressure point. It is
important to state that the nature of the graph for Core-1 and Core-3 are
similar even though their pore sizes are 15nm and 200nm, respectively, and
the porosity of Core-3 is higher than that of Core-1. This is an early indication
that the effect of pore size may not be as strong as the effect of surface area
and porosity on gas mobility, considering that Core-1 (15nm and 114cm?)
shares mobility similarities with Core-3 (200nm and 124cm?) than with Core-
2 (15nm and 524cm?). The pore size of Core-1 is 13 times that of Core-3
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(that is a pore size ratio of 1:13), and their surface area ratiois 1:1. However,
the pore size and area ratios of Core-1 and Core-2 are 1:1 and 1:4,
respectively. Therefore, it does not matter how much the magnitude of the
pore size difference is. What matters in gas mobility is the entering surface
area of permeation and the porosity of the reservoir rock. This finding can be
related to the observation in Hartmann, Beaumont and Coalson (2000). The
authors have highlighted a limitation in the Darcy equation with respect to
the surface area variable, where it is considered unrepresentative of the pore

and porosity effects on the magnitude of flow.

GAS MOBILITY PROFILES IN CORE-3 (S200NM)
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Figure 7-23 Graph comparing the mobility profile of gases in Core-3, 200nm pore size at the

temperature range of 293-673K.

7.6.4Core 4 (S6000NM)

Figure 7-24 is the graph that compares the mobility of the gases in Core-4
(S6000NM) with pressure and temperature variations. Although the graph
indicates that mobility decreases with pressure and temperature for all gases,
however, the rate and extent of the decrease are not the same for all gases.
Furthermore, the response to pressure is significantly higher at a lower

pressure than at higher pressure. The response to temperature is noticeable
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at pressures lower than the median gauge pressure of 1.60atm. Above this
pressure, the effect of temperature is little or insignificant in several gases.
Like Core-1, the order of the gases' intrinsic mobilities is not consistent with
the order of their molecular weight. He and CHa4 are light, therefore, could be
expected to have comparatively higher mobility by way of their molecular
weight in that order. This cannot be said with respect to the intrinsic mobilities
of Nz and Air. Following the molecular weight expectation, N; is expected to

be more mobile than Air and, therefore, should have higher mobility than Air.

It is further observed that the nature of graphs for Core-1, Core-3, and Core-
4 are similar with respect to mobility propagation and mobility ranges. This
could be attributed to their surface area and porosity similarity since they
have significantly different pore sizes. Consequently, it could be stated that
amongst three variables: pore size, porosity, and surface area, mobility is

more defined by surface area and porosity than by pore size.

GAS MOBILITY PROFILES IN CORE-4 (S6000NM)
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Figure 7-24 Graph comparing the mobility profile of gases in Core-4, 6000nm pore size at the
temperature range of 293-673K.
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7.6.5Core 5 (B6000NM)

Figure 7-25 graph compares the mobility of the gases in Core-5 (B6000NM)
with pressure and temperature variations. This graph indicates that mobility
decreases with pressure and temperature for all gases in a similar vein to the
graphs of Core-1, 2, 3, and 4. However, the difference is that the values of
the rate and extent of the decrease are quite clustered together for all gases.
Furthermore, the pressure response is more significant at a pressure below
the median pressure of 1.60atm (gauge pressure). The response to

temperature is insignificant at a pressure above the median pressure.

However, Core-4 and Core-5 have the same pore size. It is striking to note
that the nature of the respective graphs is markedly different, as evident in
the mobility range and clustering of points on the graphs. The main difference
in parameters between the two cores is their surface area, porosity, and radial
thickness. Therefore, it is correct to argue that surface area, porosity, and
the radial thickness could be responsible for the observed discrepancy in the
mobility regime of gases in the respective cores. When Core-5 parameters
and mobility profiles are compared with Core-2, it is noted that the mobility
clustering is similar in tightness; however, the intrinsic mobilities in Core-5
are generally higher than the intrinsic mobilities in Core-2. In terms of
parameters, the two cores are similar in radial thickness and porosity. At the
same time, they are different in surface area and pore size. It has been
previously shown in the comparison of Core-1, 3, and 4 that the pore size
effect on mobility is relatively smaller than the effect of other factors.
Therefore, it could be stated that the mobility difference between Core-5 and

Core-4 is not a result of pore size but a result of surface area.
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Figure 7-25 Graph comparing the mobility profile of gases in Core-5, 6000nm pore size at the
temperature range of 293-673K.

The summary of the mobility analyses of the five cores and eight gases are

as follows:

Intrinsic mobility generally responds to pressure change than temperature.
The entering surface area and internal surface area are factors consistently
affecting the quality and magnitude of mobility. Intrinsic mobility of gases is
not significantly discriminated in porous media with poor porosity. This has
also been validated by the results of the mobility profiles in the data mining
phase. In terms of performance evaluation and gas competition, CO; is
considered as the gas most likely to approach the favourable relative mobility
condition of M<1. The mobility profiles of the respective gases are not

correlated to their respective molecular weights.

7.6.6 Flow rate and Intrinsic Mobility vs. Molecular Weight,
Specific Heat Capacity

There was a need to investigate the relationship between the gases' intensive

properties with their PVT (Pressure, Volume, and Temperature) behaviour.
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For instance, a gas mixture would assume an average molecular weight
different from the individual component gases. This knowledge is expected to
facilitate the understanding and management of planned and accidental gas
mixtures in EOR processes. Consequently, the respective gases' flow rates
and intrinsic mobilities were plotted against the gases' molecular weights.
The results indicate that flow rate and mobility relationships to molecular
weight, specific heat capacity, and kinetic diameter of the gases are all
complicated. Although the nature of the relationships at lower pressure differs
from that at a pressure greater than the 1.60atm. The nature of the
relationships at a lower temperature, 293K, differs from that of 400K.
Nevertheless, the relationship could only be described with a higher-order
polynomial, up to the 5% order. Therefore, it would be difficult to analytically
predict gas mixture displacement potential in immiscible EOR processes
based on these three intensive properties. Mobility is a combinatorial

objective function derived from permeability and viscosity.

Although, Mason (2020) has stated that there is no obvious correlation
between viscosity and molecular weight and Fanchi (2007) has mentioned
that permeability is a function of gas molecular weight and applied pressure,
the regression analyses on the experimental data show otherwise. The
viscosity correlated to molecular weight to the extent of R> = 0.98, while that
of permeability is 0.20. Therefore, permeability could be the reason for the

poor correlation between gas mobility and molecular weight.

7.7 Optimisation Curve Domain and Buckley-Leverett

Immiscible Flow Theory

The proposed optimisation curve can also provide an optimisation model for
the balance between the two areal sweep parameters (injection volume and
mobility) at any given pressure within the optimisation domain. It was
discovered that the solutions from the optimisation curve domain, which are
ratio factors of flow rate and mobility, could be analytically imposed on the
Buckley-Leverett theory for immiscible displacement given an oil saturation

(So) and injection pressure.
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7.7.1Flow-Intrinsic Mobility Optimisation Curve

A Flow-Intrinsic mobility optimisation curve was proposed and developed in
this study. The aim was to advance the studies by Dyes, Caudle and Erickson
(1954) and Holstein (2007). These authors claim that an immiscible EOR's
displacement efficiency depends on the combined effort of the volume and
the mobility of the displacing fluid. This suggests that combinatorial
optimisation curves can be developed where flow rate, mobility, temperature
and saturation are the optimisation constraints, and pressure is the variable.
In Figure 7-26 to Figure 7-28, below are graphs showing the combined plot
of flow rate (on the primary y-axis) and intrinsic mobility (on the secondary
y-axis) as a function of pressure (x-axis). The respective graphs show the
optimisation curve for the EOR gases in each of the core samples
investigated. Although it is a laboratory-scale optimisation with respect to the
magnitude of pressure used in the study, the general principle could be
upscaled for reservoir conditions. A total of six isotherms have been sampled

in this study. However, only two points were investigated (373k and 673K).

The choice of these three temperature points is based on their frequency in
the data mining results collected from the reservoir temperature cluster. It
was observed that most immiscible gas EOR reservoirs are around 373K
temperature. The other temperature point, 673K, represent high-

temperature reservoirs.
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Figure 7-26 Comparing PVT optimisation of gases in Core-1 and 2, 15nm pore size at 373 and
673K.

The optimisation curve's interpretation follows that the point on the graph
where the gas flow rate and intrinsic mobility intercept should be considered
the threshold of optimisation, and the pressure is the threshold pressure. The
area inside the curve is the vector domain for valid solutions to improve oil
recovery for any EOR gas with respect to injection pressure, operating

reservoir temperature and geometry. Any vertical line drawn from the
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horizontal axis (injection pressure) would intercept the optimisation curve at
two vector points. These two intercepts theoretically define the boundaries of
optimisation. The lower intercept is traced to a mobility value on the
secondary y-axis, while the upper intercept is traced to a volumetric rate or
pore volume (PV factor) value on the primary y-axis. Therefore, there should
be a corresponding pair of volume rate and mobility values for every pressure
greater or equal to the optimisation curve's threshold pressure. According to
Dyes, Caudle and Erickson (1954) and Holstein (2007) findings and the
Buckley-Leverett equation for immiscible flow, the recovery factor of an
immiscible EOR process increases with injected pore volume and decreases
with mobility of the displacing fluid.
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Figure 7-27 Comparing PVT optimisation of gases in Core-3, 200nm pore size at 373 and 673K.

Consequently, the ratio from the pair of values for pore volume and mobility
in these graphs could be considered to represent a Sweep Optimisation
Parameter (SOP) that hypothetically determines the recovery quality of a gas
EOR process. This can therefore be applied to evaluate the competitiveness

of EOR gases in immiscible gas EOR.
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Figure 7-28 Comparing PVT optimisation
and 673K.

of gases in Core-4 and 5, 6000nm pore size at 373

A high volume to mobility ratio would imply a high SOP. For a reservoir

system with known reservoir parameters, the SOP of the respective gases

can be compared for any given injection pressure P, using the respective

gases' optimisation curves as proposed above.

P needs to meet the conditions: P, < P < Pw

221 | Page



Where:
P, and P« are the threshold pressure and pressures at infinity, respectively.

When more than one gas is evaluated, the gas with the highest SOP is
considered the most competitive because it fulfils the Dyes, Caudle and
Erickson (1954) and Holstein (2007) assertion. The gas with the lowest SOP

is considered the least competitive.

The graph was modelled and the values computed for threshold pressure, Py
and at a pressure of 2atm. The values of the gas SOP have been sorted in
decreasing order for each core sample in the table below. Based on the above,
CH4 was identified to be the most competitive gas for immiscible EOR for Core
1, 2 and 5. In contrast, CO:is the least competitive for Core 4. Generally, the
low porosity improves SOP. It is observed that the threshold SOP values are
the same for all gases in each core sample. This indicates that at very low
pressure, or pressure gradient, the gases do that have a comparative
advantage with respect to SOP.

For a gas/oil displacement mechanism that is predominantly gas-driven;
where the displacing velocity of the EOR gas front is equal, but behind that
of the displaced oil front (implying piston-like displacement of oil with no
viscous fingering); and the well is producing below critical flow rate, the
graphs in Figure 7-29 above could be used to assess the performance of the
respective gases based on their translational influence on an oil well
Productivity Index. For a better comparison, Js' specific productivity index
can be derived by dividing J by the reservoir thickness- which is equivalent
to the length of the radial core samples. J lends itself to another performance
parameter termed the Inflow Performance Relationship (IPR), which is
mathematically the inverse of J. Another important equivalence on the
volumetric-Inverse pressure graph is the Bulk Modulus. It is the ratio of
pressure change to the normalised volume change. It is a measure of the

extent of gas strain caused by the applied pressure stress.
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Table 7-2 Showing volume-mobility optimisation computation for Core 1 to 5 and the

performance of the gases.

Core 1 CHa4 AIR 20%CHa/N2 N2 CO2
SOP@P, 3.33 3.33 3.33 3.20 3.33
SOP@2.0atm 16.67 15.85 15.84 15.52 15.28
Core 2 CHs4 20%CHa4/N2 CO2 N2 AIR
SOP@Po 19.41 19.41 19.23 20.00 20.00
SOP@2.0atm 113.64 72.72 72.00 71.93 71.29
Core 3 20%CHa4/N2 AIR CO2 CH4 N2
SOP@P, 3.89 3.33 3.38 3.89 3.33
SOP@2.0atm 20.84 18.57 18.50 17.39 16.67
Core 4 CO2 CHa4 20%CHa4/N2 N> AIR
SOP@P, 5.00 5.01 5.00 5.01 5.10
SOP@2.0atm 17.17 16.44 16.36 16.36 16.34
Core 5 CHa4 20%CHa/N2 AIR CO2 N2
SOP@Po 10.00 10.00 10.67 10.00 10.00
SOP@2.0atm 73.86 42.38 41.34 41.29 41.27

Although the optimisation algorithm used for this evaluation is based on
assertions of authors, such as Dyes, Caudle and Erickson (1954) and Holstein
(2007), the outcome, however, does not support the EOR gas recovery
performance reported by Al Adasani and Bai (2011) in Figure 2-5. Al Adasani
and Bai (2011) reported that immiscible CO, EOR offers relatively higher
recovery efficiency than immiscible CHs EOR. There could be other
multivariant reservoir or operational factors responsible for the discrepancy

that have not been considered in this research.

For temperature effect on gas EOR optimisation (Figure 7-26 to Figure 7-28),
it was observed that, for all the gases, the temperature effects on the position
of the optimisation threshold and the constraints curvature are inconsistent
in core-1 (S15nm) for temperature 293K and 673K (Figure 7-26a and b).
However, this was not the case with Core-3, 4, and 5. Furthermore, core

samples with relatively lower radial thickness and surface area have the
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broadest optimisation curvature, Core-1, Core-3 and Core-4. This implies a

broader solution matrix for optimisation.

The preceding analysis has partly fulfilled the second and third objectives of
this research, which are focused on identifying the most competitive EOR gas

using an optimisation model.

7.7.2 Gas Flow rate Sensitivity to Pressure

Figure 7-29 consists of 5 graphs showing plots of the pore volume of gases
as a function of pressure at isotherm, 373K. As stated earlier, this isotherm
was often selected for detailed analysis in this research because it is the
closest to the modal and mean temperature in the global data of EOR

reservoirs.

There was a strong correlation between the pore volume rate and the inverse
of the gauge pressure in all the plots. For comparative purposes, this
relationship was discussed here as gas pore volume sensitivity to pressure.
This enables a qualitative and quantitative comparison to be carried out
among the gases investigated. The gradients from the plots indicate that the
gases respond to pressure differently. Sensitivity to pressure variation was
assessed based on the steepness of the slope of each gas. For the EOR gases,
CH4 pore volume is the most sensitive to pressure variation. This was

observed to be consistent across pore size and radial thickness.

The slopes of the graphs have the unit of cm3.st.atm. This dimension
represents the equivalence factor of some important reservoir parameters
such as the Productivity Index and the gases' bulk modulus. In reservoir
terms, the productivity index, J, is the ratio of the total volumetric flow rate
to a well to the pressure drawdown (Ahmed 2018, Ahmed and Meehan,
2012), with units of cm3.st.atm™. Through dimensional analysis that involves
multiplying the respective slopes by the ratio atm.atm™, the Productivity

Index's true values were calculated.
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GAS PORE VOLUME AS A FUNCTION OF
PRESSURE FOR CORE-1 @323K
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GAS PORE VOLUME AS A FUNCTION OF
PRESSURE FOR CORE-2 @323K
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Figure 7-29 Graphs showing the response of gas pore volume to pressure variation in 5 core

samples.
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Theoretically, the negative slope between gas pore volume and the inverse
gauge pressure reflected in these plots appears to violate Boyle’s law. The
true Boyle’s law position should allow gas pore volume to be positively related
to the inverse of pressure (Avison 2014). The data were reconsidered
severally in an attempt to overcome or explain the seeming violation. The
probable analogy that could be employed is the filling of a balloon by Air.
Pressure and volume are observed to be directly proportional, enabling the
balloon to increase with increasing pressure. It is determined that Boyle’s law
is only valid for a finite mass, as Avison (2014) emphasised. Hence, injecting
more Air into the balloon increases Air mass, which consequently translates
to more volume (moles) due to Avogadro's law. It is assumed that increasing
the gas inlet pressure for the steady-state flow through the core is equivalent
to injecting an additional mass of gas, hence the reason the graphs in Figure

7-29 appear to violate Boyle’s law.

7.7.3 Gas Intrinsic Mobility Sensitivity to Pressure

For all the cores sampled, the mobility sensitivity to pressure variation formed
a strong correlation. It can be seen in Figure 7-30a-e that the gradient, which
is the measure of sensitivity, is different for each gas and core sample. For
instance, it can be qualitatively deduced that CH4 has a steeper slope than

the other gases in Figure 7-30c.

Consequently, Figure 7-31 was drawn to highlight and quantify the respective
gases and gas mixtures' mobility sensitivity. The effect of pressure variation
on mobility is observed to be stronger than that of temperature. It is also
noticed that, unlike temperature, the relationship between mobility and
pressure can best be described with a linear regression model for all the gas
samples regardless of the injected mass, pore size, porosity, and operating
reservoir temperature. The Coefficient of Determination, R?, is above 90%,
while the CVs are generally very low. This implies that the variation in

pressure significantly explains the variation in mobility.
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Figure 7-30a-e Graphs showing the relationship between mobility and pressure for five cores

samples and eight gases.
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CH4 mobility was observed to be consistently most responsive to finite change
in pressure in all the core samples, as demonstrated in Figure 7-31. The
magnitude of response is affected by porosity and pore sizes. As can be seen,
the pore size of Core-1 and 2 are the same (15nm); however, the gas intrinsic
mobilities are generally more sensitive to pressure in Core-1 (porosity 13%)
than in Core-2 (porosity: 3%). Porosity variation is deduced to explain the
response in this case. This phenomenon was also observed between Core-4
and 5 (6000nm). Nevertheless, when the porosities are close or similar, such
as in the case of Core-1 (13%) and Core-4 (14%), it is observed that the

pore effect becomes dominant.

It should be noted that the magnitude of the effect of porosity is generally
higher than that of pore size. This confirms that large pore size is not useful
to fluid flow if there are less of it in the porous media's bulk volume or when
they are not effectively connected. This information is useful for injection,

mobility control and reservoir heterogeneity (permeability) management of

EOR gases
Mobility sensistivity to pressure variation for all gases @373K
< < < < <
o o o I o I o
o2 o2 oz o2 oz
S~ S =~ ~ =~ =
N < o~ < N < o < o~ <
- o T ~ o T o o < o wn o T
$ SRR o NP SRR . NP TRR . 8P $RR . o $RRI_ .«
§252R25538252322<2%58325SR255832852:252458388532<%8
35 0
30 1
CORE-1 CORE-2 CORE-3 CORE-4 CORE-5

25

20

15

Sensisity, (mD/cp)/atm
Temperature Influence (RA2)

10

o w
1
1
1
N ——
1
1Y i———
]
1Y ——
1

70D —
~ (<))

OH |m——

yHO §

YHI/T02%0T |

VHD —
¥HJ/Z00%0T :—
IN/VHO%0T  j—

N ——

3H §
YHD

ap

v

1Y p—

1-0400 1
¥HJ/202%0T
z00
¢-210D
vHD
¥HJ/202%0T
N |
v
p-310D |
aH
vHD |}
¥HI/TOI%0T |
N
4y
ay
700
G-a10) [

IN/YHO%0T :—

TN/PHI%0T :—
N j—
IV —
v :—
20D —

IN/YHO%0T
IN/YHI%0T

[}
@
@

M Response to Prssure  ECV Temperature Influence (R2)

Figure 7-31 Intrinsic mobility response to pressure change as a measure of sensitivity.
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When the temperature was added to the analysis to investigate the influence
of temperature variation on mobility response to pressure, it was observed
that the R? (yellow bars in Figure 7-31) between temperature variation and
mobility-pressure sensitivity is generally below 50% for the gases and core
samples, except for some EOR gases and mixtures, such as CO; in Core-1,
and CH4 in Core-3. However, the behaviour is not consistent across the core
samples and gas properties, such as molecular weight. This inconsistency

may be due to other flow mechanisms not covered in this research.

Consequently, numerical analysis of the experimental data reveals that CH4
mobility responded to change in pressure the most in Core-1, 3, 4 with a
gradient of 23, 27, and 23 mD.atm, respectively. For Core-1 and 3, CO:
mobility is observed to be the EOR gas least sensitive to pressure.
Interestingly, for Core-2 and 5, CO, mobility is the most sensitive to pressure
variation in the cores, followed by Air, N,, and then CHs4. Considering the
experimental parameters and conditions that generated these data, the
intuitive explanation for the observed reversal of mobility sensitivity to
pressure between CH4 and CO;, other than porosity, could be traced to the
radial thickness and surface area of the cores. Core-2 (15nm) and Core-5
(6000nm) are thicker than Core-1 (15nm) and Core-4 (6000nm) and have
more surface area. This information would be necessary when selecting a gas
for EOR implementation in a reservoir that has a greater radial extent. It
would also lend utility to determining the distance between injection and

production wells.

The mobility sensitivity of the eight gases could not be linearly traced to gas
properties of molecular weight, kinetic diameter and specific heat. The
relationship's complexity is at best described by a higher-order polynomial

equation (4% order).

In summary, mobility sensitivity to pressure has been found to exist for EOR
gases. The magnitude and impart of reservoir parameters and conditions can
be analogically drawn from the experiments. The factor determining the order

of mobility sensitivity was found to be based on porosity, radial thickness and
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surface area but not pore size. Overall, the temperature has an impact on
how mobility sensitivity responds to pressure for some gases. Gas properties
could not explain the mobility sensitivity to pressure. These plots would be
useful in reservoir engineering to estimate gas mobility variation that may
occur during gas injection. This section has also contributed to fulfilling the

third objective of this research.

7.7.4 Gas Flow rate Sensitivity to Temperature

Figure 7-32 to Figure 7-34 show the responses of EOR gases to temperature
in each of the core samples. Two pressure isobars have been selected for
investigation. These are low pressure (0.20atm) and high pressure
(3.00atm). The graphs in Figure 7-32a-d show that the flow rate relationship
to temperature in a reservoir with mesopore size (15nm) is complicated
perhaps due to the flow mechanism. The gas volume-temperature
relationship for all the gases sampled in Core-1 (15nm, 13%) and Core-2
(15nm, 3%) was between 4" and 5% order polynomial. These results negate
Charles law that states that volume is directly proportional to temperature at
constant pressure. The porosity, thickness and surface area were irrelevant
in affecting the flow pattern in Core-1 and 2. This phenomenon could be
attributed to the type of flow mechanism taking place in the media, the pore
size and mean free path of the gases being relatively close to the mesopore's

size compared to the larger pore core samples may be responsible.
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Figure 7-32 EOR gas injected PV sensitivity to core temperature in core-1 and 2 (15nm) at

injection pressure points 0.20 and 3.00atm.

It is theoretically expected that a larger pore would encourage a higher flow
rate or increased pore volume (assuming the mean pore size is proportional
to the pore throat size distribution). It was observed that in Core-3, 4 and 5
with pore sizes of 200nm, 6000nm and 6000nm, respectively, Charles law
was aptly obeyed. The gradients of the plots are an indication of the
sensitivity of the gases to change in temperature. They depict the potential
measure of the change in injected gas volume due to temperature variation

between injected gas temperature and in situ core (reservoir) temperature.
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CH4 was observed to be the most sensitive to temperature variation for the
Core-3, 4, and 5 with gradients of 0.027cm3/K, 0.055 cm3/K, 0.022 cm?3/K,
respectively. Notice that at 3.00atm, all the gases PV sensitivity to
temperature in Core-4 is higher than that of Core-5 even though they are
both 6000nm in pore size. The intuitive explanation for this would be the
difference in porosity, surface areas (entering and internal), and thickness. It
is expected that a longer radial thickness (Core-5) would imply a longer
residence time for heat exchange to take place between the permeating gas
and the hot porous wall than in slimmer radial thickness (Core-4). However,
it appears the thickness is not a strong factor to influence heat exchange
compared to the other three factors. Therefore, it can be concluded that the
effective internal surface area is sovereign to effective length for a porous
media. It further explains why heat transfer flux is a quotient of the area and

not length.

It was also observed that the operating or injecting pressure is also critical to
how gases respond to temperature. As shown in Figure 7-33a and Figure
7-34a and c, the plots are taken at a low gauge pressure of 0.20atm. At this
pressure and in all the core samples, the gas flow rate response to
temperature cannot be described by simple proportionality. However, in
Figure 7-33b and Figure 7-34b and d, at 3.00atm gauge pressure, the
temperature responses could be characterised by linear regression for most
of the gases and core samples, unlike Core-1 and 2. Expectedly due to the
small pore size (15nm) of the two samples rather than their respective
porosity of 13% and 3%.

232 | Page



FLOW SENSITIVITY TO TEMPERATURE IN FLOW SENSITIVITY TO TEMPERATURE IN
CORE-3 (S200NM) @0.2ATM CORE-3 (S200NM)@3.0ATM

—CH4 20%CH4/N2 N2 —CH4 20%CH4/N2 N2

AIR

Ar

co2 AIR

Ar

co2

30 80

64

48

w\\

32

FLOW RATE, CM3/S
=
@

FLOW RATE, CM3/S

16

200 300 400 500 600 700 200 300 400 500 600 700
TEMPERATURE, K TEMPERATURE, K

Figure 7-33 EOR gas injected PV sensitivity to core temperature in Core-3 (200nm) at injection

pressure points 0.20 and 30atm.

Furthermore, in Figure 7-35, the respective gas properties were plotted
against the respective sensitives for the EOR gases, non-EOR gases, and gas
mixtures. The graph indicates that PV-temperature sensitivity does not

correlate with the gas properties.

In summary, Charles law cannot be used to describe gas PV sensitivity to
temperature in mesopore porous media for pressure range 0.20-3.00atm.
Charles law cannot also be used to describe gas PV sensitivity to temperature
at low pressure (0.20atm) for pores sizes 200nm and 6000nm. However, at
3.00atm, Charles law begins to manifest in the PV-Temperature relationship.
For core samples that obey Charles law, it is observed that CH4 PV is the most

sensitive to temperature.
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Figure 7-34 EOR gas injected PV sensitivity to core temperature in Core-4 and 5 (6000nm) at
injection pressure points 0.20 and 3.00atm.
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RELATIONSHIP BETWEEN GAS PORE VOLUME-TEMPERATURE
GRADIENT AND GAS PROPERTIES
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Figure 7-35 Effect of gas properties on gas PV-temperature sensitivity in Core-3, 4 and 5

Porosity influences PV sensitivity. Molecular weight, Kinetic diameter and

Specific heat do not correlate with PV sensitivity to pressure.

7.7.5Intrinsic Mobility Sensitivity to Temperature

The temperature effect on all the gases in Core-1 and 2 was difficult to
describe for all pressure points (Figure 7-36a-d). It was observed that the
effect of variation in temperature on the intrinsic mobility of the gases was
not significant for core-3, 4 and 5 at an injection pressure of 3.00atm (Figure
7-36a,b and Figure 7-37b,d). Like the PV sensitivity graph, the intrinsic
mobility response to temperature at a low injection pressure of 0.20atm was

found to be a complicated polynomial of a higher order.
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Figure 7-36 EOR gas intrinsic mobility sensitivity to core temperature in Core-1 and 2 (15nm)

at injection pressure points 0.20 and 3.00atm

From the data mining and experiment analyses, it has been deduced that,
although reservoir temperature discrimination occurs for CH4 EOR in Figure
5-5 (data mining Phase I), it is not an effective criterion for selecting gases
for immiscible gas EOR processes based on intrinsic mobility. Nevertheless,
this does not undermine the observed positive temperature effect on the gas
flow rate. Therefore, based on the flow rate, the temperature is significant

for selecting EOR gases. Since the optimisation curve is a matrix that
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combines intrinsic mobility and flow rate, the net effect of temperature is

considered to be captured by the optimisation curves.
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Figure 7-37 EOR gas intrinsic mobility sensitivity to core temperature in Core-3 (200nm) at
injection pressure points 0.20 and 3.00atm.
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Figure 7-38 EOR gas intrinsic mobility sensitivity to core temperature in Core-4 and 5

(6000nm) at injection pressure points 0.20 and 3.00atm.

7.8 Velocity Performance Evaluation of EOR Gases in

Core Samples

Figure 7-39a and b, Figure 7-40, and Figure 7-41a and b are graphs showing
the velocity performance of EOR gases as a function of pressure and
temperature of the five core samples. It was observed that He consistently

has the highest interstitial velocity. While the least velocity switches between
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Ar and COz. Ar and CO, behaviour is observed to depend on porosity and
operating temperature. Porosity and pore size were observed to affect the

magnitude of gas interstitial velocity.
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Figure 7-39 Graphs showing the velocity performance of EOR gases as a function of pressure

and temperature in samples (a) Core-1, 14nm, (b) Core-2, 15nm.

The lowest velocity is recorded in Figure 7-40, Core 3, which is a relatively

higher porosity (20%). The highest set of values for velocity was registered
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in Figure 7-41b, Core-5, which is a low porosity (4%) and large pore
(6000nm) sample. Suppose this observation is attributed to Bernoulli's
theorem, which is a statement of continuity favouring higher velocity for flow
through a constriction. In that case, the observation in Figure 7-41b suggests
that porosity is a stronger measure of bulk constriction than the pore size.
Bernoulli’'s explanation runs into problems when one applies the same
explanation to Figure 7-39b, Core-2, which has both lower macroscopic
(porosity 3%) and microscopic (15nm) constriction. However, the general

velocity profile is lower in Core-2 than in Core-5.

GAS VELOCITY PROFILES IN CORE-3 (S200NM)
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Figure 7-40 Graphs showing the velocity performance of EOR gases as a function of pressure

and temperature in sample Core-3, 200nm.

Overall, CH4 was observed to have the highest velocity among the EOR gases
in all core samples. Determining the gas with the least interstitial velocity
depends on the core samples' characteristics and operating temperature. In
Core-4 and 5, N, and CO; shared similar velocity values (Figure 7-41b). The
parameter these two samples share in common is pore size. Therefore, it
could be deduced that pore size influences the dynamism for gas interstitial

velocity grading.
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Figure 7-41 Graphs showing the velocity performance of EOR gases as a function of pressure
In summary, it has been demonstrated that CH4 consistently possesses the
highest interstitial velocity in all the core samples, pressure and temperature

and temperature in samples (a) Core-4, 6000nm (b) Core-5, 6000nm.



points investigated. Considering the velocity position switching among the
other EOR gases, based on these experiments, it can be concluded that
velocity is not discriminated by molecular weight. The evaluation of EOR
gases based on velocity is not well documented in journals like other
properties. The few available documentations have conflicting conclusions.

Therefore, it was difficult to find material to compare these results.

Furthermore, the implication of high or low velocity was based on other oil
production concepts and analogies, such as the critical oil production rate,
transfer of momentum, coning and liquid loading as described in journals
(James, Henry and Mike 2008). It is, therefore theoretically, expected that
when in contact with an oil droplet, the incoming gas would use its velocity
to displace oil in line with the principles of conservation and transfer of
momentum; otherwise, the gas would break the displacement front and
cause viscous fingering. Furthermore, recall the capillary number parameter
discussed in section 2.3.1.6, and Eqg. 2-18 indicate that the Capillary number
can be favourably increased by increasing the interstitial velocity. The
coupling of positive injection velocity and recovery has been stated in
experiments, such as Lu and Pope (2017). There are also investigators whose
experimental claims are contrary to this equation, such as Al-Abri, Hiwa and
Robert (2009) and Lu, Weerasooriya and Pope (2014). In the transport of
water droplets in liquid loading problem, Guo (2019) defined a minimum gas
velocity required to produce trapped liquid droplets as the sum of the
minimum gas velocity required for floating the liquid droplets, that is keeping
the droplets in suspension and the displacement velocity of the droplets. If
this is applied to the gas displacement of oil droplets in reservoir pores, it,
therefore, means that high velocity is a favourable expectation to compensate
for the carriage and displacement components. Consequently, CH4, being the
gas with the highest velocity in these experiments, is the most competitive
EOR gas.
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7.9 Momentum Performance Evaluation of EOR Gases

in Core Samples

A measure of the interstitial momentum profiles of the various gases has been
investigated to determine which of the EOR gases is most competitive in the
domain of this parameter. Figure 7-42, Figure 7-43 and Figure 7-44 show
that gas momentum is affected by pressure and temperature. The effect of
temperature is not as marked as the effect of pressure. Their molecular
weight quite influenced the magnitude of the momentum of the respective
gases. However, the coefficient of determination R? between momentum and
molecular weight hardly attained 0.70 for all pressure and temperature range
sampled. Generally, CO, was observed to have the highest momentum, while
CH4 is the least momentous of the EOR gases for temperatures less than
473K.
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Figure 7-42 Graphs showing the momentum performance of EOR gases as a function of

pressure and temperature in samples (a) Core-1, (b) Core-2.



GAS MOMENTUM PROFILES IN CORE-3 (S200NM)
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Figure 7-43 Graphs showing the momentum performance of EOR gases as a function of

pressure and temperature in the Core-3 sample.

The effect of pore size and porosity on momentum is quite established across
the graphs. Figure 7-43 shows that the momentum of the gases is generally
low in higher porosity samples (Core-3:20%, Core-4:14%, and Core-1:13%)
than the other lower porosity core samples (Core-2:3% and Core-5:4%). In
Figure 7-44a and b, values for Core-4 (14%) are lower than values for Core-
5 (4%), even though they share the same large pore size (6000nm). Figure
7-42a and Figure 7-44a values for Core-1 (15nm) are higher than Core-4
values, even though they both share similar porosity and surface area. All
these indicate that pore size and porosity are determining factors for the
interstitial momentum available to gas in displacing oil from reservoir pores.

The velocity and momentum profile significantly mirror each other.
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GAS MOMENTUM PROFILES IN CORE-4 (S6000NM)
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Figure 7-44 Graphs showing the momentum performance of EOR gases as a function of

pressure and temperature in samples (a) Core-4, (b) Core-5.

The gas momentum concept has not been discussed in journals with respect
to gas-oil displacement. However, based on the conservation of energy, it is

expected that there should be momentum transfer between the displacing
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fluid and the stagnant oil droplets at the point of first contact and
displacement front. Consequently, favourable momentum should be the one
that is high enough to displace the oil in the direction of the producing well.
Therefore, high momentum is the desired optimisation objective in enhancing

oil recovery.

In summary, the interstitial magnitude has been observed to be affected by
pore size and porosity. On the momentum parameter basis, it has been

established that CO;is the most competitive and CHs is the least.

7.10Summary of Phase I1

Rigorous analyses of the experimental data within the context of 24 geological
and engineering quantities have been concluded. The analogy of the
selectivity index was successfully applied to quantitatively compare and rank
the gas performances. Selectivity index is used here as a quantitative method
to assign a numerical ranking to various competing gas alternatives. Given
an EOR property or parameter for evaluation (e.g., gas cost), the gas with
the desired outcome (in this case, gas with the lowest cost value) is used to
divide itself and the cost values of the other competing gases. The quotients
thereof are the selectivity indexes of the respective alternatives. The
optimisation requirement for the evaluated EOR quantity ensures that all the
selectivity indexes are usually less than one except that of the desired gas,
which should be equal to unity. Selectivity and permselectivity have been
extensively used to evaluate fluid processes such as gas and ion separation,
and transport rates of various components through porous media (Castricum
et al. 2015, Grot 2011, Millet 2011, Ranade and Bhandari 2014, and Tonezzer
etal. 2019). In this study, 24 EOR parameters and properties were evaluated
using this method. And the respective selectivity indexes of each gas were
summed up to give the grand values that are considered a measure of the
relative competitiveness (or Competitive Index) of the gases, as shown in
Table 7-3.
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It has been demonstrated in Table 7-3 that CHs and CO; are the most
competitive when all the selectivity indexes were summed up. The least is N,
with 17.2 index points. It is also shown that overall, the comparative

performance of all the gases in percentage is above 90%.

Table 7-3 shows the overall competitive indexes of the respective EOR gases for 23 examined

quantities.
Competitive Index 18.37 18.32 17.32 17.17
Comparative Performance 100% 100% 94% 93%

Therefore, based on the gas performance in the sample, it is concluded that

CHs offers relatively more EOR opportunities.
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Chapter Eight

8 PHASE III: DATA MINING AND EXPERIMENT
COUPLING

It was essential to couple the results from the data mining and the
experimental phases. This facilitates understanding the common parametric
relationships between the displaying fluids and the displaced fluid. Functional
reservoir parameters and properties have been coupled here. The objective
functions were also coupled for performance evaluation in the following

sections.

8.1 Parameters and properties

These coupled reservoir parameters and fluid properties have been
extensively described in the literature review and have been experimented

on.

8.1.1Viscosity coupling

Figure 8-1a and b show the viscosity characterisation of oil in gas EOR
reservoirs and the laboratory results from the viscosity characterisation of
gases used in displacing reservoir oil. Both graphs share similar
characterisation features from CH4 to Air. The viscosity ranking of the gases
is qualitatively related to their respective molecular weight. Furthermore, the
CVs of both graphs have the same shape. This is a strong indication that there
are possible synergistic opportunities between the reservoir oil and the EOR
gases. Based on the CVs, N, EOR processes and gas are the most sensitive
to viscosity variation. The graphs generally indicate that viscosity increases
with pressure for all gases. The result in this research validates Qasem et al.
(2016).
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Figure 8-1 Viscosity coupling of (a) reservoir and (b) experimental data.

Similarly, the two viscosity sets correspond significantly. It is suggestive that
CHs is suitable for low viscous oil, and CO; is most appropriate for high viscous
oil. However, for competitive evaluation, based on the role of viscosity in
capillary number, viscosity ratio, and mobility ratio in estimating oil recovery,
CO: could be considered the most competitive coupling gas by its sheer
comparatively high viscosity in the experimental data. The competitive

ranking for viscosity is, therefore: CO, N2, Air and CHa.

8.1.2 Permeability coupling

Figure 8-2a and b couple permeability characterisation of EOR oil and gases.
In Figure 8-2a, the permeability and CV distribution suggest CH4 EOR projects
are strongly correlated to high permeability reservoirs, but CHs4 does not
possess corresponding conduction in the pores, as shown in Figure 8-1b. N;
and CO, meet a more comprehensive range of reservoir permeability. The
shape of the mean values and CVs for the field and gas clusters are closely
related. Kantzas, Bryan, and Taheri (2012) showed that different gas would
have different permeability, this is so in Figure 8-2b. The result here does not

fully support Amirkhani, Harami and Asghari (2020), where the authors
250 | Page



stated that gas permeability in increasing order is CH4>N>>CO,. The order in
this study is N2;>CH4+>CO,. Amirkhani, Harami and Asghari (2020)
acknowledged significant adsorption mechanisms in their porous media, this
may have contributed to how the respective gases permeability manifest
themselves, thus the difference between this study and theirs. It is seen in
Figure 8-2b that permeability to gases is not related to their molecular weight,
as suggested by Fanchi (2007). Further regression analysis gave the
relationship an R? less than 0.02. In addition to pressure, there may be other
mechanisms at play, such as pore heterogeneity, that may have caused the
permeability to deviate from the molecular weight model. Mobility is a
function of permeability, such that high displacement fluid permeability
increases mobility ratio, which is undesired. CO, has the least permeability;
therefore, it is the most competitive. The competitive ranking for permeability
is, therefore: CO,, CHs4, N> and Air.
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Figure 8-2 Permeability coupling of (a) reservoir and (b) experimental data.
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8.1.3 Molecular weight coupling

The molecular weight profile in Figure 8-3a and b show that field data is
somewhat segregated by molecular weight. The mean molecular weight
distribution for the field cluster corresponds with the EOR gas molecular
weight in Figure 8-3b except for Air. CHs and N> correspondingly favour
reservoirs with lighter oil. In contrast, CO; and N, which are heavier gases,

favour relatively heavier oil. There is no competitive basis for ranking here.
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Figure 8-3 Molecular weight coupling of (a) reservoir and (b) experimental data.

8.2 Objective functions

The objective functions facilitate performance evaluation and quantity

optimisation.

8.2.1 Potential Volume rate coupling

Figure 8-4a characterised the potential volume available for gas EOR
displacement. Figure 8-4b is the experimental characterisation of gas volume.
EOR reservoir volume is demonstrated not to be strongly characterised

(Figure 8-4a). Nevertheless, it has been earlier stated that the oil recovering
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factor increases with the injected pore volume. Therefore, in this coupling,
CH4 offers the most pore volume for equivalent pressure (Figure 8-4b), hence
the most competitive. The competitive ranking for potential volume is,
therefore: CO2, N3, Air, and CHa.
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Figure 8-4 Potential Volume rate coupling of (a) reservoir and (b) experimental data.

8.2.2 Mobility coupling

It has been earlier mentioned ( Abunumah, Ogunlude, and Gobina 2021a),
that the intrinsic mobility ratio (a simplified relative mobility term) between
the displacing gas is a measure of the displacement performance of the
respective displacing fluids and oil recovery. The coupling in Figure 8-5a and
b indicates that the reservoir oil in EOR projects ranks similar to the
displacement gases. A visual and mathematical comparison reveal that the
mobility ratio with CO; gas provides the least intrinsic mobility ratio for all the

reservoirs in Figure 8-5a.
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Figure 8-5 Mobility coupling of (a) reservoir and (b) experimental data.

The mean mobility and CV values in each graph contrast each other. The CVs
in the field clusters have a convex shape (Figure 8-5a), while the gases have
a concave shape (Figure 8-5b). It is seen that CHs EOR projects are very
sensitive and may be significantly affected by mobility variation (Figure 8-5a).
In contrast, CH4 mobility easily varies when disturbed (Figure 8-5b). It was
noted that the magnitude of the respective gas mobilities corresponds with
their molecular weight. Based on the intrinsic mobility ratio, CH4 has been
demonstrated to be the most competitive. The competitive ranking for
mobility is, therefore: CO2, N2, Air, and CHa.

8.2.3 Velocity coupling

Figure 8-6a and b describe the coupling of velocity. The velocity profile of the
EOR gases does not correspond with their molecular weight. CH4 EOR projects
are implemented in low-velocity reservoirs compared to other EOR processes.
The critical velocity mentioned previously, which is the velocity required to
keep a stable displacement front, enables the balancing of the displacement
velocity between the displacing fluid in Figure 8-6b and the displaced fluids
in Figure 8-6a. Viscous fingering is a useful criterion to consider in velocity
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balance. In an immiscible displacement, a high displacing velocity might
cause the displacing CH4, for example, to break the critical velocity in the
porous matrix between it and the oil boundary. Subsequently causing viscous
fingering, poor sweep efficiency, and ultimately low oil recovery. The capillary
number is a direct function of velocity. It is considered that a higher velocity
would improve the capillary number and consequently the recovery factor.
CH4 comparatively has the highest velocity, therefore the most competitive.

The competitive ranking for velocity is, therefore: CHs, Air, N> and CO..
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Figure 8-6 Velocity coupling of (a) reservoir and (b) experimental data.

8.2.4 Momentum Coupling

Figure 8-7a and b show that the magnitude ranking for the momentum in the
oil field is the inverse of the EOR gas ranking, except for air. Although CO;
gas had the lowest velocity in Figure 8-6b, it has the highest momentum in
Figure 8-7b, probably due to its comparatively large molecular weight
(44g/mole). Nevertheless, the segregation is not based strictly on molecular
weight. It is noted that CH4 (16g/mole) has a higher mean momentum than
that of N, (28g/mole). Comparing Figure 8-4b and Figure 8-6b with Figure
8-7b demonstrates that mass is sovereign to velocity and volume rate in
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defining gas momentum. In an immiscible displacement, CO. would be a
better gas option for the reservoirs in Figure 8-7a. The optimisation is to
identify the gas with the highest momentum potential. With respect to
momentum, using CH4 or Nz gas to displace the oil in Figure 8-7b would not
provide optimal results than using CO; and Air. The competitive ranking for
momentum is, therefore: CO,, Air and Nz, CHa.
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Figure 8-7 Momentum coupling of (a) reservoir and (b) experimental data.

8.2.5 Momentum Flux coupling

Momentum flux is used here as a measure of the rate of momentum
interaction, diffusivity and transfer. Figure 8-8a and b couple the
characterisation cluster for EOR reservoirs and EOR gases. The optimisation
is to identify the gas that has the highest propensity to transfer momentum.
The competitive ranking for momentum flux is, therefore: CHa4, N2, Air and
CO..
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Figure 8-8 Momentum Flux coupling of (a) reservoir and (b) experimental data.

8.2.6Inherent energy loss coupling

Fluid flow through porous media involves an energy continuum. The energy
interaction could be caused by the geological structure or by contact with
other fluids. It has been previously mentioned that in the momentum
interaction process, there would be energy loss by the displacing fluid.
Shelton and Maurice (1973) stated that energy supplied by injected gas is
proportional to oil recovery. The coupling in Figure 8-9a and b enables the
research to evaluate the reservoir and gas energy balances and losses. The
optimisation is to identify which gas would suffer the least energy loss in a
coupled system. In Figure 8-9b the experiments show CHs4 has the least
energy loss and N has the highest. However, in the reservoirs in Figure 8-9a,
oils that implement CH4 and N> EOR have the highest energy losses. It has
been mentioned that for an idealised immiscible and perfectly inelastic
displacement, the measure of energy loss is the energy difference between
the displacing and the displaced fluid, divided by the displacing fluid energy.
It could be intuitively concluded that by ranking and combining Figure 8-8a

and b, CO. and Air experience the least energy loss. The energy loss paradigm
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in Figure 8-8a and b fits into the analytical model derived in Eq. 2-66 (

bp = (m“:;n )). It states that the fraction of energy loss, ¢y is inversely
g 0

proportional to the mass of the displacing gas, m,. On a single mole basis,
the mass of the injected gas can be represented by their respective molecular
weight. Consequently, the energy loss can be characterised by the molecular
weight of the respective gases. Therefore, the mass model is validated by the
Kinetic model coupling in Figure 8-8a and b, save for CH4 gas. It can also be
deduced that the energy loss between gas and oil interaction is sovereign to
velocity. Nevertheless, it is observed that N, EOR projects and the N, gas do
not fit with the mass model. The optimisation goal is to minimise energy loss.

The competitive ranking for energy loss is, therefore: CHs4, CO2, Air, and Na.
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Figure 8-9 Inherent energy loss coupling of (a) reservoir and (b) experimental data.

8.2.7 Transmissibility Coupling

The importance of transmissibility has been previously mentioned. Figure
8-10a and b show that transmissibility profiles for EOR project and gas
experiments and significantly related, save for CO.. A synergetic coupled

transmission between CH4 gas in Figure 8-10b and CH4 reservoir oil in Figure
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8-10a means quicker and higher recovery at the production well. The

competitive ranking for transmissibility is, therefore: CHa4, Air, N> and CO,.
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Figure 8-10 Transmissibility Coupling of (a) reservoir and (b) experimental data.

8.2.8 Capillary Number coupling

Figure 8-11a and b show that the capillary number for the EOR reservoirs and
the EOR gases is only dramatic for CH4. It has been mentioned previously
that oil displacement occurs at a capillarity number greater than 107°. It is
seen from the experiments that CH4 tends to readily approach this condition
than the other gases (Figure 8-11b). Therefore, CH4 would be most suited for
the four types of gas EOR reservoirs in Figure 8-11a. This suggests that
performance would be greatest where CHs is applied to N2, Air and CO, EOR
reservoirs than when applied to CHs EOR reservoirs, because CHs EOR
reservoirs (as noticed in Figure 8-11a) possess the least capillary number
potential, therefore would comparatively dampen the injected gas capillary
number. The CV profile curves are similar, and they show that Air mixture

and Air EOR projects would be more sensitive to Capillary number variation
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than others. In contrast, the mean profile curves are inverse. The competitive

ranking for capillary number is, therefore: CHa4, Air, N and CO..
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Figure 8-11 Capillary Number.

8.2.9 Displacement Efficiency Coupling

The clusters in Figure 8-13a and b show the displacement efficiency of the
respective EOR systems as a function of end oil saturation. Figure 8-13a
indicates that at the end of the CO, EOR process, CO; injection into reservoir
pores would have recovered 43% of the trapped oil. The highest reported
recovery is for the CH4 EOR process, which is 75%. Air displacement efficiency
is between these two extremes. There was not enough data to characterise
N, saturation. The experimental data were presented in Figure 8-13b. It
shows clusters estimating pore-scale displacement efficiency based on
immiscible gas-liquid displacement mechanism in capillary tubes. The mean
displacement efficiency values in Figure 8-13b are functions of the oil film
thickness (proportional to end saturation) un-displaced by the gas slug
injected through the capillary tube. It is shown that the CO; slug displaces

more trapped oil than other gases. CHs4 gas has the least displacement
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efficiency\. It is noted that the experimental data in Figure 8-13b matches Al
Adasani and Bai (2011) work in Figure 2-5 with respect to the comparative
displacement efficiency of CO,. However, these two do not match the field
data and Sakthikumar, Madaoui, and Chastang (1995). The optimisation goal
is to maximise displacement efficiency. Consequently, based on the
experimental data in Figure 8-13b, the competitive ranking for displacement
efficiency is, therefore: CO2, N2, Air, and CHa.
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Figure 8-12 Displacement efficiency coupling of (a) reservoir and (b) experimental data.

8.3 Cost Centres

8.3.1Displacement and Capillary Pressure

Figure 8-13b shows that CO; has the lowest displacement pressure, which
measures its capacity to overcome capillary forces and displace oil.
Comparing Figure 8-13a and b suggest that CO, would serve the four types
of reservoirs in Figure 8-13a more effectively and at a reduced pressure than
the other gases. This would save costs on injection pumps and power ratings.

It would also make it easy to manage other engineering events and
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quantities, such as mobility and velocity. On this basis, N2, which has the
highest displacement pressure, would be the costliest to implement and
manage; therefore, it is the least to optimise the objective function of
capillary pressure. It is noted that the CV and Mean profiles for both graphs
are quite validated, although the mean profiles are inversely related.
Therefore, the competitive ranking for capillary/displacement pressure is CO,,
Air, CH4, and N..
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Figure 8-13 Displacement and Capillary Pressure.

8.3.2 Well Density coupling

Figure 8-14a and b show that the experimental well density significantly
couples with the EOR gas projects. From the mean well density profiles, it is
concluded that CHs4 require the least number of wells for effective reservoir
drainage and coverage. In the field data, it is shown in Figure 8-14a that CO;
(0.07 well.acre?) would require about three times the number of wells
required by CH4 (0.02 well.acre?) for the same reservoir coverage. This is
validated by the experimental outcome in Figure 8-14b, where CO, (1.50
well.cm™) requires about twice the number of wells required by CH4 (0.96

well.cm™) for the same area coverage. Combined with the fact that the CVs
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in both graphs indicate CO, performance is sensitive to well density, the

implication to engineering economics and technical complexity is significant.
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Figure 8-14 Well Density coupling of (a) reservoir and (b) experimental data.

Selecting CH4 EOR over CO; EOR would invariably save cost on well drilling,
avert the operational risk and downtime required to drill new infill wells, and
the shutdown time to maintain existing ones. Consequently, the competitive

ranking for well density is, therefore: CHs, Air, N> and CO..

8.3.3 Cumulative gas cost coupling

It has been mentioned previously that EOR volume recovery is proportional
to the injected volume of the displacing fluid. Therefore, without loss of
generalisation, the potential oil volume trapped in the reservoir can be
intuitively considered as a measure and a factor of the injected gas volume
required to displace it. Given that the data mining results have significantly
validated the experimental results, it is intuitive to assume the experimented
injected volume can consequently couple with the potential trapped oil
volume revealed in the data mining analysis. A cost analysis of the two

volumes has been presented in Figure 8-15a and b. The research used a
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January 1%t 2021 BOC gas pricing quotation. The gas price was normalised to
United States dollars of January 1%t 2021. Figure 8-15a indicates it would cost
more to sweep trapped oil volume in CH4 EOR reservoirs than in other EOR
reservoirs. CO, gas sweep of trapped oil comparatively cost the lowest. The
cost sensitivity is highest for Air EOR. The cumulative cost pattern is
significantly mirrored in Figure 8-15b. The cost of CH4 volume is distantly
above the other gases. It has been criticised previously that CHs4 is often
implemented where access to the gas market is limited, and where there are

gas flaring challenges.
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Figure 8-15 Cumulative gas cost coupling of (a) reservoir and (b) experimental data.

Figure 8-15a and b seem to have explained that. Surprisingly, the cumulative
cost of injecting and N> and Air is higher than that of CO; in both reservoir
and experimental data. Considering the availability of Air has been previously
mentioned to be a cost opportunity for Air EOR projects. The study takes
exception to this finding. The cost of processing Air for injection in an oil field
should not be as expensive as the BOC quotation. However, for theoretical
purposes, the ranking of the cost competitiveness of EOR gases is, therefore:
CO3, N3, Air, and CHa.
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Three explicit cost centres (well density, displacement pressure, and injected
gas cost) analysed have revealed useful information on the opportunity cost
of selecting an EOR process and gases. Although it is observed that CH4 would
sweep a significant amount of trapped oil, the cost of doing that beats other
cost advantages that it has, such as well density. The cost difference in
cumulative injected gas between the extremes of CH4 ($10%°) and CO, ($10°)
has a higher cost implication than the cost difference in well density CH4 (1
well/acre) and CO; (2 well/acres). This is coupled with the fact that CO, would
require less utility cost in pressure pump, power and gas storage due to its

comparatively low displacement pressure.

The summary of Figure 8-13b, Figure 8-14b and Figure 8-15b, suggests that
in an immiscible EOR screening process, selecting CHs over CO, means less
well cost but more gas and utility cost. Selecting CO; is the direct opposite of
CH4 cost. Selecting N> offers high utility and gas costs but a relatively lower
well cost than CO,. These are some cost centres that EOR engineers must
consider before selecting an EOR process. However, it is common to see
produced EOR gases being reinjected in a perpetual cycle. The analysis has
not considered the magnitude of gas recycling. It is assumed that this would

reduce the cost outlook proportionately for the respective EOR gas.

8.4 Heterogenous Performance Evaluation

Reservoir activities usually experience heterogeneities. This ranges from
permeability, porosity, pore size, pay zone thickness, radial thickness, oil
viscosity, and pressure heterogeneities. It is expected that the selected EOR
process should be the one that is robust enough to perform within the
heterogeneity domain. In the previous sections, the gases have been
investigated using criteria, such as Volumetric flow rate (PV), Intrinsic
mobility, Interstitial Velocity, and Momentum as the objective functions for
optimising enhanced oil recovery. Those examinations were conducted by
considering a single parameter at a time. It was, however, important to

investigate how the gases compare in a heterogeneous system.
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Using the statistical technique, all the experimentally generated data were
evaluated, and the results are presented in Figure 8-16 to Figure 8-19. Each
of the graphs contains a series for the heterogeneous values and coefficient
of variation CV of the respective gases for a particular parameter. The CV

here is a measure of how the gases respond to heterogeneity.
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Figure 8-16 Volumetric performance of EOR gases in a heterogeneous system.

In Figure 8-16, for the volumetric flow rate, it was observed that CH4 offers
the best solution. Although the least competitive gas is CO;, it, however, has
the lowest CV, meaning it is the gas that is least affected by system
heterogeneity. In contrast, N; is the most affected or sensitive to system

heterogeneity.
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EOR GAS MOBILITY COMPETITIVENESS TO SYSTEM HETEROGENUITY
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Figure 8-17 Intrinsic mobility performance of EOR gases in a heterogeneous system.

For intrinsic mobility, the lower the intrinsic mobility, the better. Therefore,
in Figure 8-17, CO; is observed to offer the desired intrinsic mobility in a
heterogeneous system. This is followed by N, Air, and CHs. Air's intrinsic
mobility performance is least affected by system heterogeneity, while CHs is

most affected by system heterogeneity.
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EOR GAS VELOCITY COMPETITIVENESS TO SYSTEM HETEROGENUITY
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Figure 8-18 Interstitial velocity performance of EOR gases in a heterogeneous system.

In Figure 8-18, for interstitial velocity, it has been observed that CH4 offers
the most competitive velocity, followed by Air, N>, and CO,. Based on the CV
profile, it could be stated that the effect of system heterogeneity is not very

different for the gases, although CO; CV is marginally above others.
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EOR GAS MOMENTUM COMPETITIVENESS TO SYSTEM HETEROGENUITY
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Figure 8-19 Momentum performance of EOR gases in a heterogeneous system.

In Figure 8-19, for Momentum, it was observed that CO; is the most
competitive EOR gas, followed by Air and N». In this case, CHs4 is the least

competitive. The CV is highest in CO; also.

In summary, it can be seen from the preceding that the range of
competitiveness of EOR gases lies between CHs and CO;. N, was the closest
alternative in the Volumetric and Intrinsic mobility criteria, while Air is the

closest alternative in Velocity and Momentum criteria.

8.5 Reservoir Permeability Contrast

8.5.1 Well Topology Optimisation

The well topology optimisation analysis investigates how the respective gas
performances in an EOR process would affect well placement, type and

density in reservoirs with certain permeability contrast.

Where the volumetric rate is the sole objective in an EOR process, wells are

expectedly placed in locations that maximise the gas volumetric flow rate.
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Conversely, where intrinsic mobility is the sole objective, wells are placed to
minimise intrinsic mobility. However, in the real world, EOR gases are
engineered to meet these two conditions simultaneously, hence the need for
optimisation. Given a reservoir with a certain permeability contrast or
heterogeneity, the best well topology optimisation would occur where the well
placement (including type and density) required to achieve optimal
volumetric flow rate also simultaneously achieves optimal intrinsic mobility
vice-versa. In this case, the optimisation is marked as mutually inclusive for
volumetric rate and intrinsic mobility at the heterogeneity. The optimisation
is marked as mutually exclusive where it is not practicable for volumetric rate

and intrinsic mobility to share the same well topology.

To test this evaluation, the synergy of flowrate and intrinsic mobility was
analysed using momentum transfers as a criterion. Gas-QOil displacement
occurs between injection and production wells. Momentum transfer occurs
between the gas and oil droplets through the porous media, such that the
displacing gas momentum diminishes as it transfers momentum to displace
the oil droplets in the direction of the Producer well. Core-1, 3 and 4 were
selected for the evaluation because they have similar dimensions but different
pore sizes and porosity to create the desired permeability contrast that can
be estimated by Dykstra and Parsons method. The core samples are
considered hypothetical blocks or discretised grids of a reservoir with varying
parameters such as pore size and porosity stacked together in a continuous
series such that it exhibits geometric heterogeneity. The gases were allowed
to generate their respective topology, using a momentum profile similar to
Harrison and Chauvel (2007) pressure profile between a producer well and a
reference point, usually an injection well or the reservoir's external

boundaries.
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Figure 8-20 Potential Performance of EOR gases to permeability contrast when the core
temperature is 293K: (a) at 0.20atm (b) at 3.00atm.

It is shown in Figure 8-20a and b that at 0.20atm and room temperature of
293K, the two parameters: Injected PV and intrinsic mobility, are mutually
inclusive for all gas and three core samples because the PV and mobility both

align with each other for all the gases. Hence the topology is straightforward.

In this case, all five gases and mixture favour the injection well being placed
in the 200nm (porosity: 20%) side of the reservoir. CH4, Air and CO; favour
the producer to be placed at the 15nm (13%) side of the reservoir. In
contrast, 20%CHa4/N2 and N> favours being produced from the 6000nm (14%)
side. Although a number of the previous analyses done in this research had
shown hard-to-describe flow behaviour for the gases at low pressure, the
response of the gases to permeability contrast is interestingly describable and
stable. Granted, this may not apply to oil reservoirs because reservoir
pressures are large multiples of 0.20atm; however, this finding may find
utility in other industries that flow gases through porous media at low

pressure.
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Figure 8.5a and b at 3.00atm and 293K show that only 20%CH4/N> is
suggestive of mutual inclusivity. The other gases have a situation where the
volumetric flow rate and intrinsic mobility suggest a different well pattern,
indicating a lack of synergy between the two parameters. Their optimisation

is therefore considered mutually exclusive.
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Figure 8-21 Potential Performance of EOR gases to permeability contrast when the core
temperature is 323K: (a) at 0.20atm (b) at 3.00atm.

Figure 8-21a and b show similar profiles at conditions of 0.20atm and
3.00atm gauge pressure and 373K. The 3.00atm gauge pressure and 373K
are extrapolatable to reservoir conditions, unlike the analysis in Figure 8-20a
and b. It is observed that at 0.20atm and 373K, the histogram profile formed
here is similar to the profile in Figure 8-20a, except for CH4 parametric
constraints whose optimisations are not synergetic. Similarly, in Figure
8-21b, 20%CH4/N., and CO; gases have parametric constraints whose
optimisations are mutually inclusive at a Dykstra-Parsons Coefficient of 1.16.
In contrast, CH4 gas volumetric flow rate is optimised when the injection well
is placed before the 200nm section of the reservoir, and the producer well is
placed after the 15nm section of the reservoir, while its intrinsic mobility is

optimised only when the injection well is placed before the 15nm side of the
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reservoir and the producer well at the 6000nm side of the reservoir. This
indicates that the volumetric rate and intrinsic mobility optimisations are
mutually exclusive at a Dykstra-Parsons Coefficient of 1.161 for CHs4. To

manage this situation, the engineers are left with three possible choices:

I. Optimise either volumetric injection rate or intrinsic mobility ratio
(Remark: Low oil productivity).

II. Sectionalise the reservoir and drill additional pairs of infill wells at each
section to achieve sectional mutual inclusivity (Remark: increased well
expenses).

ITI. Reconsider using alternative gas, such as 20% CH4/N; and CO;, that
allows simultaneous well topology optimisation at a Dykstra—-Parsons
Coefficient of 1.161 (Figure 8-21b) (Remark: a better option but must

be considered early in the screening stage).

For clarity purposes, Figure 8-22a-d are used to depict the well number, well
type and placement development plans for four of the gases analysed. The
figures also show the pore size gradient, which is defined as the difference
between the outlet and inlet pore radius divided by the thickness of the pore
contrast / in the direction of flow (A=(r,—r;)/l). As stated in the literature
review, A can assume values of zero and positive or negative numbers. It is
observed that CH4 (Figure 8-22a) would apparently require six wells to be
able to optimise volumetric flow rate and intrinsic mobility simultaneously.
Here, the A between injection and production well is zero. Due to the mutual
inclusivity of the volumetric rates and intrinsic mobilities of 20%CH4/N>, and
CO; (Figure 8-22a and d), only two wells are required to produce and enhance
oil recovery. There are some opportunities for N, (Figure 8-22c), as it only
requires four wells to optimise volumetric rates and intrinsic mobilities

overall.

Interestingly, Figure 8-22d correspond with Rabbani et al. (2018)
experimental result in a two-phase displacement of silicon oil by water. The
authors suggest that recovery efficiency is enhanced when the pore size
gradient is negative, A<0. Although 20%CH4/N> in Figure 8-22b and

273 | Page



Volumetric-Intrinsic mobility performances at 0.20atm (Figure 8-20a and
Figure 8-21a) suggest recovery performance can be achieved with a positive
pore gradient. The authors did mention that A does not act alone; it couples
with the capillary number. Therefore, this could likely be one of the reasons
20%CH4/N; deviates from their findings.
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c d

Figure 8-22 Graphs showing different numbers of well and well placements due to EOR gas
response to reservoir heterogeneity in Figure 7-41 : (a) CH4 requires six wells due to complete
mutual exclusivity of parameters and compound permeability rhythm (b) 20%CH4/N> requires
two wells due to mutual inclusivity of parameters and the reverse pore size rhythm (c) N:
requires four wells due to partial the mutual inclusivity of the parameters (d) CO, requires two

wells due to mutual inclusivity of the parameters and a positive pore size rhythm.
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Similarly, Figure 8-23a and b can be described in the same manner as the
previous figures. Figure 8-23b shows that 20%CH4/N2, Nz, and CO, are the
only gases that enjoy mutually inclusive optimisation. It is observed that, for
N>, mutual inclusivity was not achieved at 373K but was attained at 473K.
This indicates that the temperature of the porous media or reservoir could be

critical to N> Volumetric-Intrinsic mobility optimisation performance.
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Figure 8-23 Potential Performance of EOR gases to permeability contrast when the core
temperature is 473K: (a) at 0.20atm (b) at 3.00atm.

In summary, the performance of EOR gases to permeability contrast,
measured as Dykstra-Parsons Coefficient of 1.16, has been investigated. It
is observed that at low pressure and temperature, all the gases volumetric
rate and intrinsic mobility formed a mutually inclusive optimisation. As the
temperature increased from 273K to 473K, the gases except for 20%CHa4/N;
and CO; began to lose their ability to retain a common well topology
optimisation. At 3.00atm, and temperature 273K to 473K, only 20%CH4/N3,
N> and CO. possessed optimisation that could be considered mutually

inclusive. The thermodynamics behind this observation is not very clear at
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this time. It cannot be explained by basic gas properties, such as molecular

weight or density.

Furthermore, there are few works to compare these results. Although, in tight
reservoirs or very low permeability reservoirs (0.001-0.1 mD), Wu et al.
(2020) found that Nz is not effective compared to CO; or CO2/N> mixture in
displacing oil, while the authors observed CO; alternate N; injection to be the
most effective than CO; alone. Furthermore, CO./N2 mixture was found to be
better than the individual gases. Jia (2018) stated in a numerical simulation
investigation of Air that reservoir heterogeneity was observed to be
favourable to Air performance. Unfortunately, this is not the case with the

results of this research.

Air is a mixture of about 70%N;; the common gas between the research and
Jia (2018) and Wu et al. (2020) investigation is N>. Unfortunately, the fraction
of N2 in the CO2/N> mixture used by Wu et al. (2020) is not clear. This hinders
access to compare the two studies further. In the research and the ones of
authors cited above, N, gas performs better as a mixture, whether with CH4
(as shown in this study) or with CO,, as shown in Wu et al. (2020). It is
recommended that further study be carried out in this area to understand the
mechanism and property relationship that exists. The import of this
knowledge is economical and technological for the oil industry and other
porous media industries. It is expected that results from this analysis could
cut the additional cost of infill wells or facilitate effective EOR development

plans.

Finally, the competitiveness of EOR gases based on reservoir permeability
contrast indicates that CO. is the most competitive gas while CHs is the least
gas. Nz in the mixture has been confirmed to be consistently competitive in

heterogeneous reservoirs.

8.6 Reservoir Rhythm

As part of investigating the competitiveness of the EOR gas, it is also valuable

to investigate the reservoir rhythm that favours optimising the engineering
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quantities so far examined. Reservoir rhythm is usually a function of the
geological structure, such as permeability, pore size and porosity. To conduct
the rhythm analysis, the engineering quantities were optimised based on EOR
optimisation requirements; then the structural rhythm that created the
quantity optimisation was recorded and presented in Figure 8-24 and Figure
8-25 cells. The configuration for each cell assumes there is a horizontal gas
injection well located on top of a reservoir pack with five porous layers of
different structural parameters, and a horizontal oil producer well is located
at the bottom of the reservoir. It is also assumed that the flow direction is
top to bottom. The effect of gravity is not required. Eleven quantities were
optimised. In this study, the structural parameters include five porosity and
three pore sizes. The available porous media structural parameters are shown
in Table 8-1.

Table 8-1 Shows the cores sample used in the experiment and their structural parameters,

this media diagrams can be used as a legend for Figure 8-24 and Figure 8-25 cells.

Pore
Media Diameter Porosity Core
(nm)
15 13=% Core-1
15 Foc Core-2
200 ‘2"(;% Core-3
(p:
14% Core-4
6000 . C
‘4% Ol‘e-5
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The media in Table 8-1 are sized arbitrarily proportional to their pore sizes.
Hence the table can be qualitatively and quantitatively used as a legend for

studying Figure 8-24 and Figure 8-25.

For CH4, the cells highlighted with yellow colour in Figure 8-24 indicate that
the reservoir rhythm can simultaneously achieve flow rate and gas cost
optimisation. It implies that these two quantities are mutually inclusive. The
interpretations and utility of the observation to reservoir engineers are
significant. It suggests that for flowrate and gas cost to be optimised in a
heterogeneous reservoir, the injection wells should be placed on the reservoir
side with the largest pore size and lower porosity, and the production well
should be located at the reservoir side with the largest pore size and highest
porosity. Simply put, a pair of injection and producer wells can be used to
optimised the two quantities. In this case, the structural gradients are zero

5pore gradient and positive porosity gradient.

The other nine quantities are mutually exclusive because their rhythms are
unique and do not synchronise with any other quantities. It is also seen that
some quantities are optimised in a positive pore gradient, while the others
fall into negative gradients, such as capillary humber, N¢, and displacement
pressure, Pq. This gradient phenomenon is also observed in porosity. Finally,
most of the quantities prefer the injection wells to be located on the larger
pore size and low porosity side of the reservoir. Similarly, N, experiences

rhythm synchronisation for flow rate and gas cost optimisation.
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Figure 8-24 Shows pore size and porosity rhythm mapping for CH4s and N, each cell consist of an engineering quantity that has been optimised and its

supporting rhythm, the location of each porous media is in relation to the injection and production wells.
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For Air, Figure 8-25 shows four quantities that can be optimised using two geological rhythms. Here, flow rate and Well Cov

(well coverage) share rhythm highlighted in yellow colour. While mobility and gas cost share the same rhythm.
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Figure 8-25 Shows pore size and porosity rhythm mapping for Air and CO,, each cell consist of an engineering quantity that has been optimised and its

supporting rhythm, the location of each porous media is in relation to the injection and production wells.
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The gradients here are positive for pore size and porosity, unlike CH4 in Figure
8-24 that only experiences a porosity gradient. For CO,, in Figure 8-25,
velocity and mobility are mutually inclusive with respect to optimisation and
reservoir rhythm. It is observed that seven of the quantities are optimised
when the injection wells are located in the smaller pore size region of the
reservoir, unlike CHs optimisation that responds better when injection wells

are placed at the larger pore side of the reservoir.

Although the optimisation analyses were carried out with EOR in mind,
nonetheless, understanding the rhythm mapping presented here would find
great utility in other industries, such as in membrane technology, gas
separation, and catalytic reaction systems. Furthermore, and most
importantly, this analysis gives a sound solution for well density and well

pattern optimisation given a reservoir with known structural rhythm
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Chapter Nine

9 CONCLUSION AND RECOMMENDATION

The suitability and performance of gases used for displacing trapped Oil
during immiscible gas EOR have been comparatively characterised using data
mining techniques and laboratory experiments. The research was divided into
three phases based on the industry standard for the EOR project work plan.

The phases include Data mining, Experiments, and Phase coupling.

The optimisation of 21 geological and engineering quantities, which include
some objective functions, has been applied to evaluate the competitiveness
of EOR gases. Some common objective functions applied include volumetric,
intrinsic mobility, optimisation curve, interstitial velocity, and momentum.
Volumetric flow rate and intrinsic mobility respectively have a direct and
inverse relationship with recovery efficiency. In contrast, velocity and
momentum have a direct relationship with recovery efficiency. The desired
relative mobility for effective gas EOR has been identified to be the one that
approaches the condition M<1. This condition has been demonstrated in
Figure 2-8a and b to be favourable for improving areal sweep and pore-scale
displacement efficiency while simultaneously preventing viscous fingering
and early gas breakthrough. Out of the four EOR gases and fourteen
geological quantities evaluated in the data mining phase, eight were identified
and selected for experimental investigation in this study's second phase. In
the second phase, eight gases were investigated in a rigorous experimental
PVT study vis-a-vis the eight gas properties and reservoir parameters
obtained from the data mining phase. Relevant graphs and tables were used
to highlight key observations, such as gas intrinsic mobility sensitivity to
operating temperature, injection pressure, kinetic diameter/mean free path,
and molecular weight. A performance evaluation process, referred to as

Sweep Optimisation Parameter (SOP), was proposed that optimises two of
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the objective functions, pore volumetric flow rate, PV, and gas intrinsic
mobility, M. Consequently, the best gas for EOR, based on certain common

reservoir conditions for each objective function were identified.

9.1 Optimised Gases

After a rigorous analysis of Phase I, II, and III, an optimisation table was
completed, as shown in Table 9-1. For each quantity studied, the gas that
met a certain optimisation goal was selected and tabulated into three
subgroups- fluid properties, reservoir parameters, and cost centres. It has
been concluded that out of the twenty-one quantities optimised, CH4 is the
most competitive in ten of the quantities. CO; is the most competitive in ten
other unique quantities, and N is competitive only in injected gas cost per
area. Air is not the best in any of the quantities, however, it came out second-
best in some quantities, as shown in the subsequent research summary. The

results from Table 9-1 suggest CO; and CHs4 are equally competitive.

A further attempt was made to find a segregated and quantitative ranking for
the EOR gases. A selectivity index similar to the one applied in perm-
selectivity studies was applied to each quantity investigated. CHs is found to
be the most competitive with a score of 18.37 points, but this is insignificantly
above CO; at 18.32 points. Air scored 17.32points, and N; scored
17.17points. So far, the overall performance metric of EOR gases is not based

on their molecular weight order.
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Table 9-1 Shows the gas that is most optimised for each quantity related to EOR performance.

Fluid Properties Reservoir Parameters Cost Centres
Optimised Optimised : Optimised
S/N| Quantity ptGas S/N| Quantity pGas S/N Quantity ptGas
1 Capilary 3 Permeability 1 Well coverage
" |number ' '
Interstitial
2 velocity 2. | Transmissibility 2. Well density
Commutative
3. |Energy loss 3. gas cost
4 Kinetic a Displacement
" |energy ' pressure
Surface
B Soncinn 5. Gas cost/Area
6. Flowrate
7 Momentum
" [flux
8. |[SOP
9 Mass flow
" |rate
10. [Mobility
11. |Viscosity
12. |Momentum
13. |Density
14 Displacement
" |Efficiency
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9.2 Gas Competitive Summary for Select Geological

and Engineering Quantities

The competitiveness of the EOR gases has been summarised using their
respective performances in a heterogeneous system. Using this instead of

their performances in each core sample makes this section concise.
The research has demonstrated the following:

Evaluating the gases based on flow rate indicates that CH4 offers the highest
flow rate for most reservoir conditions and parameters investigated.
Therefore, it is the most competitive gas because it has the potential to
displace more oil from the reservoir pore by its sheer pore volume rate. CO>
was the least competitive gas. The suitability order based on maximising this
objective function is thus: CHs4 >Air >20%CH4/N> >N, >CO».

Evaluating the gases based on intrinsic mobility indicates that CO;is the least
mobile for most reservoir conditions and parameters. Therefore, it is the most
competitive gas because it has the greatest potential to achieve the
favourable condition of intrinsic mobility ratio M < 1 (as slug or WAG) before
other gases. CHs was the least competitive gas on this ground. The suitability
order based on the minimisation of the objective function is thus: CO; >N;
>20%CH4/N2 >Air >CHa.

Evaluating the gases based on the SOP (Sweep Optimisation Parameter)
curve indicates that CHs offers the widest solution domain for the reservoir
conditions and parameters investigated. The ratio from the pair of values for
volumetric rate and intrinsic mobility reflected by the Sweep Optimisation
Parameter (SOP) is highest for CH4. It implies that CHs employs the two
objectives function’s synergy in a heterogeneous system better than the
other gases. Therefore, it can be concluded that based on this quantity, CHa
gas is the most competitive EOR gas for the immiscible gas EOR process. In
contrast, the other gases switched competitive performance among

themselves based on operating conditions, such as porosity and temperature.
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Evaluating the gases based on interstitial velocity indicates that CH4 has the
highest velocity available at the pore scale for most conditions and
parameters investigated. Therefore, it is the most competitive gas because it
has the potential to attain the minimum velocity required to lift or suspend
and displace oil droplets towards producing well. However, there is a
downside to this advantage concerning critical velocity, which is the velocity
required to keep a stable displacement front. CH4 has the most propensity to
violate the critical velocity if it is not well managed. The suitability order based
on optimizing this objective function is thus: CHs4 >Air >20%CH4/N2> >N;
>CO..

Evaluating the gases based on interstitial momentum indicates that CO;
consistently has the highest momentum. Therefore, it is the most competitive
gas because, based on the concept of momentum conservation and transfer,
the experimental results indicate that CO. has the highest momentum in the
pores. Suffice to state that this is the only objective function among the five
that coincides with the molecular weight order of the gases investigated. The
suitability order based on maximising this objective function is thus: CO; >Air
>Nz >20%CH4/N2 >CHa.

This momentum diffusion is essential to maintain the displacement front in
steady motion at the pore level. CH4 offers better pore-scale momentum
diffusivity between itself and the oil droplets. CO; was the least competitive
gas on this ground. The suitability order based on maximising this objective

function is thus: CHs> N>> Air> COs.

Energy is required to push trapped droplets across reservoirs. In doing so,
energy could also be lost through mechanisms such as friction. It has been
demonstrated that CHs losses the least energy, and the competitiveness is
CH4> CO2> Air > Na.

It has been validated through the field and experimental data that CHa
requires the least well density. Consequently, the competitive ranking for well

density is, therefore: CH4>Air>N,>CO;.
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The cost of injectant is @ major EOR cost, and the research had demonstrated
that CO: incurs the least injectant cost. With respect to the other gases, the

order of superiority is CO2>N;>Air>CHa.

9.3 Objective Functions Response to Reservoir

Parameters and Fluid Properties

The volumetric rate of EOR gases in the reservoir could be significantly
affected by reservoir temperature and injection pressure. Although at low
injection pressure (0.20atm) or low-pressure gradient, the relationship
between volumetric rate and pressure could not be explained by Boyles laws
for all pore sizes. It is assumed that mass influx is causing the gas plots not
to obey Boyle’s law. This was also observed in small pore size (15nm) for all
pressure and temperature range sampled. The gases were observed to
respond more to pressure than temperature. CHs volumetric rate was the
most responsive to injection pressure and temperature, while CO; was the
least responsive. Therefore, in a reservoir condition, the presence and level
of free in situ CH4 should be factored into immiscible CH4 gas EOR project

design.

The intrinsic mobilities of EOR gases were responsive to injection pressure
but not to core temperature. This result couples well with the data mining
results, as there was no temperature segregation (distinct clusters) observed
across EOR technologies or within Gas technology in the database analyses.
Meanwhile, there was depth (implying pressure in reservoir context)
segregation across EOR technologies and within Gas technology. This implies
that temperature is not a critical parameter for selecting gases to be injected

in EOR processes, but the pressure is a sound criterion for consideration.

Intrinsic mobility response at low pressure (0.20atm) or pressure gradient is
a complicated function for all gases and pore sizes sampled. CH4 gas intrinsic
mobility was the most responsive to injection pressure, and CO; was the least

responsive. Similarly, in reservoir conditions, the presence and level of in situ
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CH4 should be factored into immiscible CH4 gas EOR project design with

respect to mobility.

The R? for the relationship between volumetric rate and the inverse of the
square root of molecular weight for the system increases with pressure,
temperature and porosity but decreases with increasing pore size. Intrinsic
mobility of the respective gases did not follow the order of molecular weight.
Therefore, they could not be characterised by molecular weight. This may
create potent problems for managing gas mixture, where the mixture’s
weight can vary according to mixture composition due to the potential
mixture that could be formed when injected gas, such as N, comes in contact
with in-situ reservoir gases such as CHs. It was, however, discovered that the
intrinsic mobility and volumetric rate are related to the fractional volume
composition of the gas mixture. This, therefore, suggests an analytical

solution can be offered for injected or in situ gas mixtures.

Pore size only affected the volumetric rate and intrinsic mobility when other
geometrical factors, such as porosity, radial extent and surface area, were
held constant. This extensively corroborates the data mining results in Figure
5-3. It justifies the non-inclusion of porosity as a selection critical within gas
EOR technology. However, it is not a sufficient justification for the absence of
porosity in the general EOR screening criteria because Figure 5-3a indicates

that other EOR technologies are distinctly clustered with respect to porosity.

The surface and radial extent significantly affected the flow rate and intrinsic
mobility of gases. This indicates that reservoir size would significantly affect
the performance of immiscible Gas EOR. Interestingly, gas flow rate response
to temperature reduces as radial thickness increases. Flow rate and intrinsic
mobility are generally inversely related to the radial thickness in the
experiments, but this could be traced to porosity, as the cores with the
highest thickness also have the lowest porosity. The data mining in Figure
5-6a identified that radial extents could characterise EOR reservoirs, EOR
technologies, and processes. Therefore, this parameter should be considered

as a screening criterion. The well density concept is akin to the radial extent
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parameter. It was shown that Well Density could characterise EOR processes.
Immiscible gas EOR processes were found to require the least wells per acre
compared to other technologies such as Thermal technology. This implies

reduced well cost for gas EOR in general.

9.4 Recommendation for Further Study

I. This study has undergone the optimisation of more than five objective
functions with respect to immiscible gas EOR. It is recommended that a
numerical model should be developed using the findings from this research
so that the volumetric-intrinsic mobility optimisation can be estimated from
any given PVT analysis and petrophysical parameters and properties (such as
viscosity, mixture molecular weight and radial extent).

I1. Furthermore, this study was conducted using intrinsic mobility as the
basis for evaluation both in the data mining and experimental phases.
Although each approach results converge for immiscible gas EOR, it is
recommended that a further study should be carried out using relative
mobility as the basis for evaluation.

III. The data from the experiments have been analysed using simple
models. There is more information that can be derived from the data set than
this research has provided. Therefore, it is recommended that more advanced
numerical techniques be applied to analyse the data generated in this study.
IV.  This study has been conducted using laboratory conditions. Although a
number of the quantities were set to reservoir conditions, such as
temperature and porosity, there could be the challenge of oversimplification
and scaling of findings in this study to reservoir size and conditions. It is
recommended that this research be conducted using additional reservoir

conditions.
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APPENDIX A

Table A 1 Some modified, derived, proposed equations in the PhD thesis.

14

. . Equation
S/N| Quantity Remark Equation Number
Normalised for [ p ] o 4
. thermophysical Z(Pcho | — Pchy [—g]) cos6 )
1 Capillary properties & b MW, MW, 0-1
Pressure c r
Parachor.
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gas flow 22 (1”1 7"2)
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Factor number & Eq=1-—
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Sweep Proposed: v
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P flowrate and Agas
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phase velocity. ¢
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APPENDIX B
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Figure B 1 EDS and morphology analysis for Core-2 sample.
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Figure B 2 EDS and morphology analysis for Core-3 sample.
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Figure B 3 EDS and morphology analysis for Core-4 sample.
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Figure B 4 EDS and morphology analysis for Core-5 sample.
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