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ABSTRACT
Miscible gas flooding has recently overtaken to be the most successful enhanced oil
recovery technique. Carbon dioxide flooding is an integral part of miscible gas flooding.
This thesis focuses on the feasibility of the implementation of miscible CO2 flooding and
demonstrates the effects of different parameters, alongside alternative approaches to EOR
which my result in more incremental oil production.
To distinguish the miscibility of CO2 gas and oil, a key parameter of miscible CO2
flooding is the determination of the minimum miscibility pressure (MMP). MMP is the
minimum pressure at which the oil and injected gas achieve miscibility so that previously
trapped oil can be recovered. MMP can be determined in a variety of ways: through
experimental, analytical, and computational methods, as well as through other empirical
relationships. In common industry practice to define MMP, a series of carefully designed
slim tube tests is required. However, since slim tube testing is time-consuming and costly,
mathematical correlations are attractive, as they require few input parameters and little
information regarding the fluids and are quick and easy to use. This thesis develops a
more accurate MMP correlation for pure CO2 injection into high temperature reservoirs
by applying a series of 17 new MMP slim tube experiments, with the assistance of a large
database of slim tube MMPs that has been published in the literature.
Gas/oil interfacial tension (IFT) is seen as one of the most critical fluid characteristic
properties in oil reservoirs affecting gas injection production. Because IFT does not
appear in the flow equations directly, it would be difficult for the current commercial
reservoir simulator to capture its effect. Very few experimental data are available in the
literature on displacement involving a low IFT. However, those data were based on
synthetic oil not crude oil. This study evaluated the performance of miscible/near miscible
gases as a displacing fluid. The study investigated the feasibility of near-miscible CO2
application and improve our understanding of the mechanisms of near-miscible CO2
flooding by conducting a series of two-phase CO2 gas/oil core flood experiments under
reservoir condition in a carbonate core. Phase behaviour studies were carried out to
characterize the near miscible conditions. Slim tube and swelling/extraction tests were
performed to identify the near miscible range and eliminate mass transfer mechanisms to
create phase equilibrium for the displaced fluid/fluid flow in porous media.
ii

The study's overall results indicate that near miscible could achieve the same ultimate oil
recovery as miscible condition. This outcome will define a new strategy when applying
CO2 gas injection hence economical in terms of compression costs.
Reliable relative permeability curves of oil/gas systems are important for the successful
simulation and modelling of gas injections, especially when the miscibility condition
approaches. In this study, a series of relative permeability were obtained by history match
the experiential data at different IFT level (immiscible, intermediate, and near miscible).
To investigate the IFT scaling effect on gas/oil relative permeability. The results shows
that the relative permeability of both gas and oil increase as the IFT decreases, but not
equally. As the system moves from immiscible toward miscible conditions, the relative
permeability increases, and its curvature reduces but does not achieve straight crossline.
Finally in This thesis, will demonstrate the two different approaches in modeling miscible
gas injection utilizing compositional and extended black oil model. Fully compositional
model is complex and required a lot of information. Extended black oil simulation is an
alternative approach to compositional simulation and provides an engineering tool to
account for oil displacement by a miscible or immiscible fluid. the result shows that using
EOS to obtain for MCM Miscible CO2 indicate that excellent prediction to experimental
data at 1-D simulation. However, utilizing the ultra-low relative permeability for
predicting the miscible displacement has shown promising results in terms of the ultimate
oil recovery, this new approach would allow the performance of miscible displacement
to by predicted utilizing the black oil model.
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CHAPTER 1 INTRODUCTION
As crude oil recovery from conventional reservoirs declines, enhanced oil
recovery (EOR) is becoming more important in the petroleum industry. Thus, enhanced
oil recovery (EOR) is a crucial stage in extracting oil from mature reservoirs. The main
methods used for commercial-scale EOR projects can be categorized as thermal and nonthermal methods. Thermal processes include hot water or steam injection, electrical
heating, and in-situ combustion . while non-thermal processes include chemical injection
and gas injection procedures. Petroleum engineers commonly use EOR procedures based
on gas injection to recover light or medium oils from ageing reservoirs. Gas injection has
long been used as an EOR process in the petroleum industry because of its pressuremaintenance capabilities, ability to reduce reservoir fluid viscosity, and efficiency in
displacing reservoir fluids as well as inducing the oil swelling effect, which is the
expansion of the reservoir oil caused by the dissolution of the injected solvent into the
reservoir fluid (Willhite, 1998).
Gas flooding can be classed as miscible, semi-miscible, or immiscible, based on
the temperature, pressure, type of injected gas, and reservoir conditions. To achieve a
miscible flood process, gas injection is conventionally operated so as to maintain the
pressures above the minimum miscibility pressure (MMP) determined for that specific
crude oil and gas combination (Luks et al., 1987). MMP is an important parameter in
designing gas injection to achieve miscible conditions, and can be determined by different
methods, including experimental, computational and analytical methods (Mansour et al.,
2018). It. However, many gas injection projects, although designed to be miscible,
actually involve near-miscible displacement at reservoir conditions (Sohrabi et al., 2008).
Near-miscible gas injection refers to injection of gases that do not develop complete
miscibility with the oil, but come close (Fatemi & Sohrabi, 2013). For instance,
condensing/vaporizing gas drives at enrichment slightly below minimum miscibility
enrichment (MME) or at pressures slightly below minimum miscibility pressure (MMP)
are near-miscible processes. Near-miscible gas injection methods appear attractive from
both economic and operational standpoints (Sohrabi et al., 2001). Immiscible
displacement operates below MMP where gas and oil will definitely not become a single
phase.
CO2 EOR is the first option in gas flooding because of the additional economic
benefit it provides and the existing infrastructure and bank of knowledge of petroleum
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engineering and operations (Yin, 2015). Experimental studies have shown that the oil
recovery factor after CO2 injection improved up to 60 % of original oil in place compared
to only 44 % for water flooding (Hadlow, 1992; Taber et al., 1997). The increase in oil
recovery is mostly due to CO2 swelling of crude oil, which helps in the reduction of
interfacial tension and crude oil viscosity. CO2 and oil are not miscible when they initially
come into contact, but they will gradually become miscible at the CO2 front after many
contacts. A miscible zone will form as a result of mass transfer of components between
the CO2 and oil phases for the development of dynamic miscibility (Shtepani et al., 2006).
By approaching miscible conditions, these changes can be introduced in relative
permeability curves in multi-contact miscible displacement (Al-Wahaibi et al., 2005).
Relative permeability is critical for estimating productivity, injectivity, and ultimate
recovery from hydrocarbon reservoirs (Al-Wahaibi et al., 2006). Fluid parameters such
as viscosity, wettability, interstitial fluid distributions saturation history, and interfacial
tension all influence relative permeability and affect the variation of IFT from immiscible
to miscible displacement. Accurate simulation of miscible displacements under a broad
range of operating conditions hinges on the proper treatment of IFT, as it is related to
relative permeability. Unfortunately, due to uncertainties in measurement and a lack of
correct formulation, most current relative permeability data under miscible or nearmiscible conditions cannot be directly employed in commercially available black-oil or
compositional simulators (Prieditis & Brugman, 1993). To begin with, there is no proper
technique for evaluating CO2 oil relative permeability curves under miscible conditions,
due to the slow development of multiple-contact miscibility (MCM). Therefore, reliable
experimental data must be obtained at different IFTs at different levels under reservoir
conditions to better predict the performance of gas flood.
To build a successful CO2-EOR project, it is necessary to understand the
underlying physics of CO2 displacement mechanisms. Therefore, simulation and
feasibility studies are very critical for CO2-EOR projects to optimize oil recovery from
these reservoirs. Fully compositional and extended black-oil simulators are two types of
modelling tools to predict CO2 flooding performance. A compositional simulator solves
the equation of states for fluids and calculates the partitioning of fluid across phases for
a thorough simulation. However, the method is time consuming and CPU-time becomes
the limiting factor when we make the simulation model (Fevang et al., 2000). Extended
black-oil simulation is an alternative approach to compositional simulation and provides
an engineering tool to account for oil displacement by a miscible or immiscible fluid.
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From this aspect, the study will investigate the ability of a the current simulator’s or
predicting the performance of miscible displacement for EORs.
1.1 Thesis Objectives
The study's main aim is to improve understanding and design of gas injection with
a focus on CO2 miscibility by utilizing experimental and simulation studies. Based on
this purpose, the objectives of the study are as follows:
•

Investigate the effect on MMP of CO2 and diversified mixtures of gases, such as
nitrogen, methane and ethane by conducting a series of slim tube experiments.

•

Employ MMP experimental outcomes as a benchmark against one-dimensional
numerical simulations to investigate the capability of compositional simulation to
predict the influence of different gas mixtures on MMP.

•

Generate CO2/Oil MMP data for several oil samples from different fields in Abu
Dhabi to design a new correlation for improving the prediction of MMP.

•

Design a series of core flood experiments to investigate the effect of different gas
displacement processes (immiscible, near miscible and miscible) on effect on oil
recovery.

•

Review existing extended black-oil and compositional simulators and compare
them conceptually in terms of predicting CO2 miscible displacement.

1.2 Thesis Structure
Chapter 2:
The second chapter presents the experimental procedures and the facilities used
in the Centre for Enhanced Oil Recovery and CO2 Solutions at Heriot-Watt University
to perform the coreflood preparation and experiments. Core flood tests were carried out
using a custom-built high-pressure and high temperature coreflood apparatus. The
miscibility study was investigated using PVT experiments, including the slim-tube,
mixing cell, and capillary rise tube methods. Gas chromatography was used to analyse
the fluid samples obtained from the experiments.

Chapter 3:

3

The third chapter reports a series of slim-tube experiments carried out to identify
the MMP of CO2 and different mixtures of gases, namely N2, C1, and C2. In addition,
mixing cell experiments were also performed to calibrate phase behaviour models based
on the interaction of crude oil and injected gas in a PVT cell. A full compositional analysis
of the produced oil and gas for both slim-tube and phase-behaviour experiments was
carried out to better understand the dominant mechanism of the injected gas at different
conditions. The experimental results were also employed as a benchmark against the
numerical 1-D simulations, which was based on the tuned Equation of state with advanced
PVT experiments to predict the impact of different mixtures on the MMP.
Chapter 4:
The fourth chapter identifies the improved correlations for predicting the MMP
for pure CO2 injection. Predicting the appropriate MMP is critical to reduce costs and
optimize productivity and profits. The chapter's main aim is to propose a new correlation
for estimating CO2 MMP by focusing on high-temperature fluid systems. The chapter
presents a new formulation of temperature, saturation pressure, and reservoir fluid
composition. The prominent theme in the chapter is the evaluation of the existing
correlation for CO2 MMP. Graphical correlation and correlation based on temperature are
discussed. Correlations accounting for oil composition are also presented to identify the
need for new correlation. Finally, the existing correlation is reviewed to indicate the
current issues and justify developing a new correlation for improved gas injection using
MMP, for which 17 additional slim tube experiments were conducted on diversified Abu
Dhabi reservoir fluids to enlarge the parameter envelop and enhance the robustness of the
model. EOS-oriented MMP calculations were also performed.
Chapter 5:
The fifth chapter concerns the impact of CO2-oil IFT on gas injection performance
in a carbonate reservoir. Thus, the chapter's key themes involve the framework of CO2
gas injection, near miscible gas injection, and the effects of IFT on oil recovery. The
chapter provides details of the process of performing a series of two-phase CO2 gas and
oil core flood experiments. The experiments were performed under reservoir conditions
in the carbonate core. First of all, an investigation was made regarding injection
performance under different Interfacial oil Tension (IFT) levels (referred to as
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immiscible, intermediate miscible, near miscible, and miscible) in a carbonate core. A
comparison is made between miscible and near miscible CO2 gas performance.
Chapter 6:
. The main themes of the chapter involve the relative permeability in two-phase
effects from IFT, IFT scaling approaches, automatic history matching, functional types
of relative permeability, and history matching using unsteady state experiments. First, the
chapter explains the impact of different gas or oil IFT values of 0.043, 0.12, and 5.75
mN.m1 on two-phase gas relative permeabilities, using the outcomes of unsteady state
experiments reported in Chapter 5. In addition, an analysis is conducted using Coats' IFT
scaling method in contrast to the two-phase experimental data. Finally, the use of
numerical solution techniques for to model oil recovery by CO2 flooding is investigated
and the comparison is then expanded to black-oil and compositional simulators to
evaluate the strengths of the different types of simulators. The result explains how
modelling of the miscible/near miscible gas injection process can be improved by
utilizing back oil model instead of compositional model.
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CHAPTER 2 EXPERIMENTAL FACILITIES AND PROCEDURES
A variety of instruments was utilised to explore the impact of varying parameters
and injection techniques on enhancing oil recovery by CO2 injection. To investigate the
performance of CO2 flooding, core flood tests were conducted using a custom-built highpressure and high-temperature core flood apparatus. The fluid/fluid interaction was
investigated using pressure, volume and temperature (PVT) experiments such as the slim
tube, mixing cell and capillary rise tube. Gas chromatography (GC) was used to analyse
the fluid samples obtained from the experiments.
2.1 Core Flood Rig Setup
Figure 2-1 shows a schematic of the high-pressure core flood rig that was used.
The core holder, injection fluids and back pressure regulator (BPR) lines and connectors
were all kept at a constant temperature in a temperature-controlled air oven. To conduct
core flood tests in both directions, the core holder could rotate to both horizontal and
vertical orientations. Five 1000 cm3 storage chambers were installed inside the oven. Each
phase was represented by a cell. It was then feasible to pre-equilibrate and retract the
fluids within the oven (at test temperature and pressure). The injection fluids, including
crude oil, water, CO2 and surfactant solutions, were stored in five storage cells on the rig.
Three pumps were utilised to circulate fluids throughout the system via the core and
bypass lines and to apply overburden pressure to the core and supply pressure to the BPR.
In this series of core flood experiments the orientation of the core holder was modified
from vertical to horizontal. The overburden pressure was kept at 500 pounds per square
inch higher than the pore pressure (pressure at BPR). Two highly accurate pressure
transducers were linked to the core's inlet and outlet, respectively, to measure and record
the differential pressure across the core. The pressure of the core outlet was maintained
by a BPR and the core effluent was discharged at atmospheric pressure. The effluent from
the BPR ran into a dual outlet separator during the experiment, where the liquid was
collected in a graduated cylinder and the generated gas passed through a wet-test or
conventional gas meter (GM) from the top of the separator.
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Figure 0-1: Simplified schematic diagram of the high-pressure, high-temperature core flood rig.

2.2 Materials and Experimental Procedures
2.2.1 Porous Media (Core Sample)
The displacement tests were conducted in a 2-inch diameter core collected from a
carbonate reservoir. The core was completely cleaned using a combination of solvents,
including toluene and methanol, followed by nitrogen. The core was then fully dried in
an oven. To monitor rock disintegration and salt deposition, the size and dry weight of
the core were measured. The same method was followed after each core flood; no
significant changes in weight or porosity were found. Table 2-1 shows the dimensions of
the core and its measured physical properties. The end surfaces of the cores were trimmed
and squared as far as practically possible, to ensure proper contact between cores and the
core holder plattens.
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Table 2-1: The physical properties of the 2-inch core sample.

Physical properties

Value

Length /cm

17.1

Diameter /cm

5.068

Porosity

0.289

Absolute

Permeability

16.25

Formation brine/mD
2.2.2 Lithium Tracer Test
A lithium tracer test was conducted to qualitatively investigate the level of
heterogeneity in the core. Figure 2-2 shows the concentration ratio of lithium in the
effluent brine to that in the base tracer during the lithium tracer test. The blue section of
the curve shows the concentration ratio of the lithium in the effluent to base brine while
tracer brine with a concentration of C0 was injected. After 2 pore volumes (PV) of
injection, the tracer injection was stopped and base brine containing no lithium was
injected. The blue curve inflexion point was approximately 1 PV and the curve was Sshaped. Similarly, the red curve depicting the desorption part of the test showed an
inflexion of approximately 3 PV and an S shape around its inflexion point. Although there
was a certain level of heterogeneity, it was weak enough to conclude that the core was
relatively ‘homogenous’.

Figure 2-2: The concentration ratio of lithium in effluent brine to base tracer during the lithium tracer test.
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2.2.3 Core Preparation and the Aging Process
In the laboratory, the process of establishing immobile water saturation (Swi)
entailed a sequence of fluid injections and displacements. This was because the Swi
established by the core flood displacements, which is usually considerable in
heterogeneous carbonate rocks, was more complex. The core was initially saturated with
formation brine. After this, with a pressure gradient of 2000 psi across the core, a heavy
mineral oil with a viscosity of approximately 2000 cp at an ambient temperature (20°C)
was injected into the brine-saturated core. Following water establishment, this oil was
replaced with a succession of lighter mineral oils, which were then washed away using
kerosene. Once the core had been saturated with kerosene (in the presence of immobile
water saturation), the temperature of the core was increased to the test temperature (133.3
°C). At this stage, dead crude oil was injected into the core to displace the kerosene at a
high temperature. Following this procedure, the pressure of the core was raised to the test
pressure (4800 psi). After 2 weeks of ageing, the pressure decrease across the core was
stable. At this point, live oil was injected into the core to displace the dead oil.
2.3 PVT Equipment Setup and Procedure
2.3.1 Slim Tube Rig
Figure 2-3 illustrates the high-pressure and high-temperature slim tube rig setup.
A slim tube was constructed using 60 ft of narrow stainless steel tubing packed with
unconsolidated sand. The internal diameter was 0.15 inches and the tube was kept thin to
avoid viscous fingering. The permeability of the slim tube was 5.7 Darcys and it had a
porosity of 34.2%. The slim tube experiment involved the injection of a gas such as CO2
into a slim tube saturated with oil. At the start of the experiment, the packed coil tube was
pre-charged with toluene at the first test’s pressure and reservoir oil was then injected to
displace the toluene until the sand in the slim tube was fully saturated with oil. The
conditions of the system (pressure and temperature) were monitored and controlled by a
BPR and gas was then injected into the tube. The gas and oil interface was monitored
using a high-pressure sight glass which allowed for a better interpretation when
miscibility development occurred. A CO2 detector was used to identify the time of
breakthrough. A gas chromatograph (GC) was set up inline to determine the components
of the gas produced. To estimate the minimum miscibility pressure (MMP) accurately, a
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minimum of five tests was required for each experiment. The PV of gas injected, along
with the oil recovery obtained, was recorded.

Figure 2-3: A schematic diagram of the slim tube setup.

2.3.2 Mixing Cell Setup
Figure 2-4 shows the schematic of the mixing cell experiments (MCM). The basic
condition for obtaining MCM results is the presence of a vaporising gas drive, or a
condensing gas drive, or a vaporising/condensing gas drive. In this experiment, oil was
injected into a PVT cell along with CO2 gas, and equilibrium was established. The
interaction between the oil and gas could occur as a single contact or as multiple contacts
in either a single cell or a series of PVT cells. For multiple contacts, a PVT cell was
charged with a known amount of crude oil and gas. Once equilibrium had been
established, the upper phase was removed from a gas and oil sample. The second contact
was then established by injecting fresh CO2 to contact the remains of the crude oil. Further
contact was sustained until no residual oil remained in the cell.

Figure 2-4: A schematic diagram of the mixing cell.
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2.3.3 Gas Chromatography: Principle and Configuration
This method is commonly used to analyse hydrocarbon mixtures in a repeatable
manner, down to parts per million for a variety of components. This technology is the
same across different manufacturers, whether used as in-line systems or in the field. A
sample handling system, chromatograph oven columns and a detector are all included in
the kit. At the inlet, a sample of the substance is introduced and volatilised at oven
temperature; current systems can ensure that undesirable components do not pass through
the system and are either rejected or burnt off. A carrier gas, such as helium, is delivered
to the chromatograph from an external source and serves as a mobile transport phase for
the injected element. As the injected element passes through the column, a stationary
phase, which could be a liquid layer or a polymer, adsorbs it. In a hydrocarbons system,
it is determined by the carbon number, with the lightest hydrocarbons eluting first and at
a lower temperature. Heavier components are volatilised at higher temperatures and elute
later. when the oven temperature is increased. On the chromatogram, this is depicted as a
spectrum of peaks. The concentration of each analyte in the sample is determined by
integrating the area under the peaks. Although it is limited by its inability to detect water
in the analyte, a flame ionisation detector (FID) is recommended for hydrocarbon systems
due to its increased sensitivity over a thermal conductivity detector (TCD). A gas
chromatograph equipped with FID detectors was used to analyse the samples in this study
and calculate the compositional Carbon Number Distribution (SCN). The HP-5 columns
were heated to 60 °C for 3 minutes before being ramped at 15 °C per minute to 325 °C,
and maintaining this temperature for 10 minutes to recognise the C6 to C44 components.
2.4 Capillary Rise Tube
The differential CR method was used for the measurement of the interfacial
tension (IFT) for gas/oil, as illustrated in Figure 2-5. The high-pressure equilibrium cell
(CR.A) could withstand pressures of up to 103.4 MPa and temperatures of up to 473 K.
A magnetic stirrer at the bottom of the cell helped to minimise potential temperature
gradients within the sample and ensured that the system was well homogenised. A
custom-built stainless steel circular holder held two capillary glass tubes with inner
diameters (ID) of 0.396 and 0.986 mm inside the cell. The cell’s fluid ports, CR.A2 and
CR.A3, were connected to the densitometer's inlet and outlet (CR.B) through 0.29 mm
ID high-pressure tubing with a measured length of 3 m, resulting in a minimum volume
of approximately 0.2 cm3. A closed-loop flow of fluids between the equilibrium cell and
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the densitometer was enabled by the two check valves (CR.E1 and CR.E2) and the
movable piston (CR.D). The density of either the saturated liquid or vapour phase was
measured by turning the equilibrium cell upside down. All parts were held inside an oven
with controlled stability of ± 0.1 K. The pressure was connected to valve CR1 and
monitored using a pressure transducer. The fluids tested were held in sample vessels and
loaded into the equilibrium cell via valves CR1, CR2 and CR3 and the fluid port CR.A1.
The samples were controlled by a piston, which allowed for the measurement of the
volume of the fluid as well as the pressure. Backpressure was managed via pressurised
hydraulic fluid, the DBR pump system (CR.G) and valves CR4 and CR5. To determine
the ID, a USB camera with a magnifying lens was then used to capture multiple pictures
of the tops of the capillary tubes, which were then analysed on a computer screen. A
standard uncertainty of 0.003 mm for the ID of the tubes was estimated.

Figure 2-5: Schematic illustration of the experimental facility based on the differential CR method. For
this scheme, the following notes were annotated: high-pressure see-through windowed equilibrium cell
(CR.A); fluid ports (CR.A1, CR.A2 and CR.A3); vibrating U-tube densitometer (CR.B) and evaluation
unit (CR.C); 100 cm3 movable piston (CR.D); check valves (CR.E1 and CR.E2); 300 or 600 cm3 sample
vessels (CR.F1 and CR.F2); automatic high-pressure DBR pump system (CR.G) and valves CR1, CR2,
CR3, CR4 and CR5 (Pereira, 2016).
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CHAPTER 3 THE EFFECT OF CO2-OIL MISCIBILITY ON THE
PERFORMANCE OF GAS INJECTION
3.1 Introduction
Carbon dioxide flooding is one of the proven enhanced oil recovery methods.
However, there are significant challenges associated with applying a CO2 flood to
onshore or offshore reservoirs. A common problem is limited CO2 supply. Therefore,
recycling and reinjection of the produced gas should be considered in many applications,
especially in the case of giant carbonate reservoirs in the Middle East. Globally, and
particularly in Abu Dhabi, there has been a considerable rise in the domestic and
commercial consumption of hydrocarbon gases. Therefore, non-hydrocarbon gases such
as carbon dioxide (CO2) are the preferred injection gas for enhanced oil recovery (EOR).
Miscible CO2 flooding is an effective method for recovering oil in the conditions of the
majority of oil reservoirs. However, pure CO2 is rarely available in the large quantities
required for CO2 flooding. CO2 streams usually contain some impurities such as light
hydrocarbons (e.g. methane, propane, etc.), nitrogen and H2S. Contaminating CO2 with
light hydrocarbons and non-hydrocarbon gases or enriching it with intermediate
hydrocarbon components impacts miscibility development. Even when a relatively pure
CO2 stream is available for injection, a large quantity of the injection of CO2 that is
produced and reinjected contains large amounts of impurities due to contacting reservoir
fluids. Separating these impurities from the produced CO2 is often neither economical nor
practical. It is, therefore, important to understand the impact of a mixture of gases with
CO2 on the performance of CO2 floods.
This present study involved a series of slim tube experiments for crude oil samples
from Abu Dhabi carbonated reservoirs to identify the MMP of CO2 injection with and
different mixtures of gases, namely, N2, methane (C1) and ethane (C2). Mixing cell
experiments were also performed to calibrate phase behaviour models based on the
interaction of crude oil and the injected gas in a PVT cell. These experiments were
conducted at near miscible conditions to quantify the methane bank in front of the CO2.
The results from the slim tube and mixing cell experiments were analysed together to
understand the effects on MMP during recycling of the produced gas during CO2
flooding. In addition, full compositional analyses of the produced oil and gas and residual
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oil for both the slim tube and phase behaviour experiments were conducted to better
understand the CO2 displacement process during immiscible and miscible gas injection
and the dominant mechanism at different conditions. The experimental results were
employed as a benchmark against the numerical 1-D simulations, which were based on
the tuned equation-of-state (EOS) with advanced PVT experiments to predict the impact
of different mixtures on the MMP.
The results of the study demonstrate the potential to reduce costs by designing a
mixture of CO2 with hydrocarbons and non-hydrocarbon gases instead of injecting pure
CO2. This study contributes to the current understanding of the process of CO2 injection
when recycling and reinjection are considered.
3.2 Miscible CO2 Gas Injection
Miscible gas injection implies that the injection gas is adequately miscible with
the reservoir contents under single or multi-contacts. In this mode of oil recovery, the oil
undergoes swelling and a decrease in its viscosity occurs due to the gas miscibility. When
CO2 miscible flooding is used, the IFT is almost negligible and, as a result, the capillary
forces are non-existent. This results in the reduction of oil saturation compared to residual
oil saturation and, hence, the yield of recoverable oil increases (Menouar, 2013). The
concept of miscibility is further elaborated in the following section.
3.2.1 The Miscibility Concept and Ternary Diagram
The concept of miscibility can be effectively illustrated by using a ternary diagram
which illustrates the phase behaviour of a fluid mixture at constant conditions of
temperature and pressure of the reservoir under displacement. The three points of a
ternary diagram represent 100% of the composition of a component. The top point usually
represents the injection gas. The other two points represent the intermediates (such as C2C6) and the heavier components (C7+), respectively. The phase boundary is given by a
curved line on which the dew and bubble point lines intersect at point P, known as the
plait point. A tangent drawn on the plait point at the boundary of the two-phase region
gives the condition for enrichment composition (Mihçakan et al., 1993). Several points
and lines providing important information are shown in the general ternary diagram in
Figure 3-1.
14

Figure 3-3. A general illustration of a ternary diagram (Adekunle, 2007).

As mentioned previously, miscibility can be achieved through either a first-contact or
multi-contact mode. These two types of miscibility are further elaborated as follows
(Wang & Orr, 1997):
•

First-contact miscibility (FCM)

•

Multi-contact miscibility (MCM)

FCM
In the case of miscible gas flooding, if the oil and gas come into contact with each
other and become miscible by forming a single phase, then the miscibility is termed FCM.
With CO2 gas flooding, this type of miscibility is not experienced and MCM is commonly
found in commercial practices.
MCM
In the majority of cases, the miscibility between gas and oil is not developed
through FCM but is established through the transference of mass between the two phases
(Zick, 1986; Stalkup, 1987; Firoozabadi & Khalid, 1986). When the gas moves through
the porous medium of the oil reservoir, it contacts the oil, causing a reduction in its surface
tension and viscosity which leads to swelling of the oil. This phenomenon enhances the
flowing ability of oil. This type of miscibility is known as multi-contact miscibility
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(Figure 3-2). It is usually developed at a pressure termed as the MMP, an important
parameter in EOR processes.
MCM can take place through three types of displacement processes(Zick, 1986;
Stalkup, 1987):
•

Vaporising gas drive

•

Condensing gas drive

•

Condensing/vaporising gas drive

These three processes are briefly discussed below.
Condensing gas drive
This type of gas drive is also termed enriched gas drive because, in this process,
the reservoir oil undergoes enrichment by the intermediate components present in the
injection gas. As the gas contacts the reservoir oil, condensation of some of the
intermediates from gas to oil occurs and, as a result, a lighter oil is formed. Because of its
lower mobility compared to the injected gas, its movement is slow and it is contacted by
more incoming fresh gas. Such repeated contacts sufficiently enrich the oil so that it
becomes miscible with the gas and, hence, miscibility is developed at the trailing edge of
displacement.

Vaporising gas drive
In contrast to the condensing gas drive, this type of gas drive involves the
enrichment of the injected gas. When the fresh gas is introduced into the reservoir, it
comes into contact with the fresh oil at the front of the displacement and leads to a phase
of vaporisation of the intermediates from oil into gas. Through multiple contacts, the gas
becomes sufficiently enriched to develop miscibility with the fresh reservoir oil. A
miscible transition zone is formed between the two phases and, as a result, the oil is
effectively displaced. This type of gas drive is usually observed when nitrogen or flue gas
is injected into heavy oil reservoirs.
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Vaporising/Condensing gas drive
This gas drive (a hybrid gas drive) combines the characteristics of the condensing
and vaporising gas drives. In this type of displacement, neither of the two phases (oil and
gas) become sufficiently enriched to create miscibility. Instead, a major transference of
intermediates occurs which leads to the miscibility of the two phases. In this type of gas
drive, the development of miscibility occurs somewhere between the trailing and leading
edges of the displacement.

Figure 3-2: A schematic of MCM (Tzimas et al., 2005).

3.2.2 Minimum Miscibility Pressure
The MMP is the pressure above which CO2 becomes fully miscible with oil to
form a single phase and facilitate oil recovery, where oil recoveries as high as 90% can
be obtained (Holm & Josendal, 1974). In any commercial application, a reliable
estimation of MMP is essential to understand whether miscibility is attainable under
given reservoir conditions for a gas and oil system.,. It is an important design parameter
that determines the efficiency of oil displacement by gas and may be influenced by factors
such as fluid composition, temperature and pressure, and the purity of the injected CO2
(Rathmell, 1971; Orr & Silva, 1987; Holm & Josendal, 1974). Therefore, the MMP
parameter is dynamic and changes depending on the gas injected and the composition of
the oil. The most common experimental methods to determine MMP are the slim tube
experiment, rising bubble experiment (RIB) and vanishing interfacial tension (VIFT). The
most reliable experimental method for inferring MMP – and the only one which has
secured wide industry acceptance – is the slim tube experiment. The slim tube experiment
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was originally developed over 60 years ago, but the procedure has been refined over time.
Following Mogensen (2016), several other methods have been proposed to establish the
conditions (pressure, temperature, compositional) at which miscibility occurs. Pozzi and
Blackwell (1963) conducted flooding of scaled laboratory models, while Rathmell and
Stalkup (1971) investigated gas injection performance in long cores. In both methods, the
displacement was significantly affected by physical dispersion, leading to an overestimation of the MMP.
Attempts were made by Christiansen et al. (1987) to substitute the timeconsuming slim tube experiment with a quicker method. They developed the risingbubble apparatus (RBA), where the MMP is inferred as the pressure at which a gas bubble
injected at the bottom of the oil column disappears before reaching the top. For gases such
as nitrogen and very lean hydrocarbon gas, which develop miscibility almost entirely via
the vaporising gas drive route, the RBA method does have some applicability.
Another proposed alternative is the VIFT method, suggested by Rao (1997) who
measured the capillary rise in thin tubes as a function of pressure and then extrapolated
the pressure corresponding to zero capillary height, reflecting zero gas-oil IFT. The VIFT
method is problematic because it does not allow multiple contacts to occur between the
gas and oil. Additionally, the extrapolated pressure is sensitive to the size of the capillary
tube used. These concerns were raised by several authors, such as Zhou and Orr (1998)
and Orr and Jessen (2007, 2008). Their main criticism was that neither RBA nor VIFT
could capture the combined condensing/vaporising mass transfer mechanism, which is a
key element in CO2 displacement.
Given the limitations of these two methods, the slim tube experiment is widely
regarded as the most reliable method for estimating the MMP as it mimics the actual gasoil displacement process. Johns et al. (1993) demonstrated that the analytical solutions
for 1-D displacement, based on the method-of-characteristics, is applicable to interpret
slim tube results. From an EOS tuning perspective, Jaubert et al. (2002) questioned the
necessity of slim tube studies for injecting gases containing hydrocarbon components.
His study concluded that swelling tests and multi-contact tests could adequately constrain
the EOS model. However, this argument does not seem to apply to CO2 displacements.
In the past, both design protocols and the analyses of slim tube experiments have
varied somewhat between researchers (see Elsharkawy et al. (1992) for a comprehensive
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review). Randall and Bennion (1987) provided a good description of the experimental
details and considerations. A key uncertainty relates to the way the MMP is inferred. The
most common approach is to analyse the bend in the recovery curve, but some authors
define the MMP as the pressure at which the recovery attains some arbitrary cut-off value,
such as 80%, 85%, 90% or 95%. Complicating factors may arise if the recovery curve
does not attain the required cut-off value or if the transition between immiscible and
miscible displacement is gradual rather than sharp. This behaviour is sometimes observed
if a particular type of grain packing leads to high physical dispersion. Lindeloff et al.
(2013) showed that if the crude oil splits into two liquid phases and a gas phase, denoted
as VLLE phase behaviour, the interpretation of MMP becomes problematic, as the
injected gas may only develop miscibility with the lighter of the two liquid phases.
3.3 The EOS-Based Method
Generally, reservoir oil is composed of a variety of hydrocarbon and nonhydrocarbon fractions. These fractions may be classified as defined components, true
boiling components or heavy ends. The defined components are those which have welldefined critical properties. The true boiling components have estimated molecular
weights, but their critical properties cannot be obtained through simple methods. The
phase behaviour of such oil may be estimated using an EOS.
Cubic EOSs are straightforward equations that relate to PVT. They precisely
characterise the volumetric and phase behaviour of pure compounds and mixtures,
requiring only critical parameters and the acentric factor of each component. The
parameters of all phases are calculated using the same equation to ensure consistency in
reservoir processes that approach critical conditions (e.g. miscible gas injection). There
are four cubic EOSs that are commonly used in the petroleum industry, which are as
follows:
 Van Der Walls EOS
 Soave-Redlich-Kwong (SRK) EOS (Soave, 1972)
 Peng-Robinson (PR) EOS (Peng & Robinson, 1976)
 Modified Peng-Robinson (PR78) EOS (Peng & Robinson, 1978)
The two main EOSs that are widely used in the oil and gas industries are the PR and
SRK EOSs. The PR EOS has the same accuracy as the SRK EOS, providing an accurate
19

description of fluid phase behaviour in the presence of some related hydrocarbon mixtures
such as paraffin, naphthene, aromatics and gases. However, the difference in liquid
volumetric predictions between the PR and SRK EOSs can be significant, due to the most
significant improvement in critical compressibility factor (Zc) of 0.307 offered by the PR
EOS, which is somewhat closer to the experimental values for heavier hydrocarbons and
lower than that in the SRK (Whitson, 2000). The important discrepancies between the
most well-known EOSs and their critical parameters are summarised in Table 3-1. In
summary, when applied with volume translation, the PR and SRK EOSs yield an
essentially identical acceptance of vapour-liquid equilibrium (VLE) predictions and
reasonable calculations for vapour and liquid volumes and densities (Whitson, 2000). For
this reason, the choice of the PR EOS for the fluid modelling conducted in this study was
primarily based on the acentric factor, where the presence of heavier hydrocarbon
components in the reservoir oil means that their acentric elements are greater than 0.5.
Thus, the PR EOS will be used to describe the phase behaviour for the oil reservoir and
predict the gas/oil miscibility.
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Table 3-1: The cubic EOSs and their classical critical properties.
EOS

Equation

Van der Waals

𝑝𝑝 =

(𝐯𝐯𝐯𝐯𝐯𝐯)[𝟏𝟏𝟏𝟏𝟏𝟏]

Redlich & Kwong

𝑝𝑝 =

(𝐑𝐑𝐑𝐑)[𝟏𝟏𝟏𝟏𝟏𝟏]

Soave-Redlich &
[𝟏𝟏𝟏𝟏𝟏𝟏]

Peng & Robinson
(PR) [𝟏𝟏𝟏𝟏𝟏𝟏]

𝑅𝑅𝑅𝑅
𝑎𝑎
−
𝑣𝑣 − 𝑏𝑏 √𝑇𝑇𝑣𝑣(𝑣𝑣 + 𝑏𝑏)

𝑝𝑝 =

Kwong (SRK)

𝑝𝑝 =

𝑅𝑅𝑅𝑅
𝑎𝑎
−
𝑣𝑣 − 𝑏𝑏 𝑣𝑣 2

𝑅𝑅𝑅𝑅
𝑎𝑎𝑎𝑎(𝑇𝑇)
−
𝑣𝑣 − 𝑏𝑏 𝑣𝑣(𝑣𝑣 + 𝑏𝑏)

𝑅𝑅𝑅𝑅
𝑎𝑎𝑎𝑎(𝑇𝑇)
−
𝑣𝑣 − 𝑏𝑏 𝑣𝑣(𝑣𝑣 + 𝑏𝑏) + 𝑏𝑏(𝑣𝑣 − 𝑏𝑏)

𝒂𝒂

27 (𝑅𝑅𝑇𝑇𝑐𝑐 )2
64 𝑃𝑃𝑐𝑐

𝐛𝐛

𝐙𝐙𝐜𝐜

𝑅𝑅𝑇𝑇𝑐𝑐
8𝑃𝑃𝑐𝑐

0.375

0.42748𝑅𝑅2 𝑇𝑇𝑐𝑐2.5
𝑃𝑃𝑐𝑐

0.08664𝑅𝑅𝑇𝑇𝑐𝑐
𝑃𝑃𝑐𝑐

0.333

0.08664𝑅𝑅𝑇𝑇𝑐𝑐
𝑃𝑃𝑐𝑐

0.333

0.45724𝑅𝑅2 𝑇𝑇𝑐𝑐2
𝑃𝑃𝑐𝑐

0.0778𝑅𝑅𝑇𝑇𝑐𝑐
𝑃𝑃𝑐𝑐

0.307

0.42748𝑅𝑅2 𝑇𝑇𝑐𝑐2
𝑃𝑃𝑐𝑐

3.3.1 Equation of state Models
The PR EOS works well for reservoir fluids and may be utilised in the Computer
Modeling Group (CMG) software programme, WINPROP, for MMP calculations.
WINPROP is a multiphase EOS programme that performs MMP, FCM and minimum
miscibility enrichment (MME) level calculations using three different methods: a cell-tocell simulation, a tie line method and a multiple mixing cell simulation method. These
methods are a simplification of a slim tube simulation and only involve the calculation of
phase equilibrium. The phase equilibrium is established in a pressure-volume cell by
mixing gas and oil in multiple contacts and calculations are performed. There may be
single or multiple contacts for generating phase equilibrium data. This data is then used
to establish a pseudo-ternary diagram (Cook et al., 1969; Zick, 1986; Johns et al., 1993).
For a specific temperature and composition, both backward and forward contact processes
may be studied for a given range of pressures (Kanatbayev et al., 2015).
3.3.2 Slim Tube Simulation
A numerical slim tube method involving tuned EOS was developed to estimate
MMP. Slim tube simulation was developed as a faster and cheaper alternative to the
experimental method. The basic principle is based on the estimation of the oil’s MMP
using numerical calculations with an EOS. This involves the solution of a 1-D flow
equation by using an EOS for the oil and gas. The actual experimental displacement
process is replicated using 1-D grid blocks. According to a previous research study, the
composition of a simulation in 40 ft of slim tubing may be safely estimated using 500 to
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2000 grid blocks. However, better estimates of MMP can be obtained by extrapolating
the percentage of recovery in a finite number of grids (Yuan et al., 2008; Kanatbayev et
al., 2015).
3.4 Methods and Materials
Two approaches were used to determine MMP: an experimental approach and
compositional simulation. The experimental approach was conducted via slim tube
experiments. These experiments were fully discussed in Chapter 2. Conventional EOR
gases (CO2, nitrogen, methane and ethane) were used. The compositional data were
collected and analysed using GC to better understand the performance of the CO2 flood.
The data from the conventional PVT analysis also used a PVT package for the
development of EOS_01, which included single-stage flash tests, compositional analysis,
constant composition expansion, differential vaporisation, separator tests and viscosity
tests. EOS_01 was utilised to predict the experimental result.
3.4.1

Fluid Properties
Crude oil sample A was collected from an onshore oil reservoir in Abu Dhabi.

The pressure and temperature conditions of the reservoir were 4230 psig and 129 ºC,
respectively. Table 3-2 shows the physical properties of crude oil A and Table 3-3
indicates the composition of crude oil A.
Table 3-2: The physical properties of crude oil A.
Fluid properties

Value

Saturation pressure (psig)

2430

GOR (scf/day)

657

Formation volume factor (rbbl/STB)

1.45

Oil density (g/cc) @ reservoir condition

0.655

Oil viscosity (cP) @ reservoir condition

0.328

API (º)

41.9
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Table 3-3: The composition of crude oil A.
Components

Flashed liquid (Mole %)

Flashed gas (Mole %)

Recombined oil (Mole %)

CO2

0

4.87

2.76

N2

0

0.47

0.27

C1

0

58.58

33.24

C2

0.05

12.40

7.06

C3

0.42

9.83

5.77

iC4

0.39

2.42

1.54

nC4

1.51

5.12

3.55

iC5

1.68

1.81

1.76

nC5

2.56

1.89

2.18

C6

5.7

1.44

3.28

C7

8.89

0.73

4.27

C8

10.05

0.29

4.52

C9

8.42

0.10

3.69

C10

7.47

0.02

3.24

C11

6.08

0.01

2.63

C12

5.14

0.00

2.22

C13

4.74

0.00

2.05

C14

3.88

0.00

1.68

C15

3.78

0.00

1.63

C16

3.13

0.00

1.35

C17

2.58

0.00

1.11

C18

2.35

0.00

1.02

C19

2.18

0.00

0.94

C20+

19

0.00

8.20

Sum

100

100

100

3.5

Experimental Results & Discussion

3.5.1

Slim Tube Experiment: Pure CO2 (Dead and Live Oil Systems)
The slim tube miscibility test was performed using an oil sample from the Abu

Dhabi carbonate oil reservoir. The experiments were conducted at reservoir conditions
for pure CO2 in dead and live oil systems to establish a baseline for miscibility pressure
and investigate the impact of the solution gas on the oil. The live oil was prepared and
recombined with 12 components of the flashed gas and GOR of 657 scf/stb, as shown in
Table 3-2. Previously, the MMP has been taken as the pressure at which ultimate recovery
(100%) is achieved. However, in recent literature, the break-over pressure has been
declared as the MMP (Elsharkawy et al., 1996). The MMP has also been defined as the
pressure at which oil recovery reaches 90 or 95% (Holm & Josendal, 1974). In the present
study, the miscibility conditions could also be observed by visual analysis of the effluents
moving across the visual cell. The miscible displacement was indicated by a gradual
change in the colour of rising effluents; however, the formation of a two-phase flow
indicates immiscible displacement (Rathmell et al., 1971; Elsharkawy et al., 1996). Figure
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3-3 represents the displacement of pure CO2 in the live and dead oil systems under
different pressure conditions. The data obtained from the experiment was then plotted
versus the injection pressure, with oil recovery at 1.2 PV. The MMP was 2850 psig for
the live oil and 3200 psig for the dead oil system, as illustrated in Figure 3-3. A
comparison of the MMP results in the dead and live oil systems shows a decrease in
miscibility of 350 psig due to the presence of light hydrocarbons. It is well-documented
in the literature that the presence of C2 to C6 components can lower MMP. The main
objective of running a compositional analysis at 1.2 PV of injected CO2 was to investigate
whether hydrocarbon impurities existed in the CO2 produced after breakthrough. When
the injected CO2 came into contact with the fresh oil, it led to a vaporisation phase of the
intermediate components (C1-C6) from oil into gas.

Figure 3-3: Cumulative oil recovery at 1.2 PV of injected CO2 versus different pressure conditions for
dead and live crude oil systems.

Figure 3-4 presents the results of the produced gas analysis after the injection of
CO2 into the dead and live oil systems. In the dead oil system, the concentration of CO2
in the produced gas stream dropped from 100% to approximately 82 mole%, indicating
that 18 mole% hydrocarbon components had combined with the CO2 as it flowed through
the slim tube and contacted the oil. Since dead oil was used in this test, the hydrocarbon
components present in the produced gas were intermediate components of crude oil. In
the live oil system, as expected, a large fraction of the produced gas impurities
(approximately 31%) was methane, significantly impacting the performance of the gas
injection and MMP. It should be noted that if this produced gas were reinjected into the
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slim tube, it is likely that it would not be miscible with the oil, due to the presence of
methane.

(a)

(b)

Figure 3-4: The composition of the produced gas at 1.2 PV for the (a) live crude oil and (b) dead crude oil
systems.

During the slim tube displacements of dead and live oil, the produced oil was
collected for compositional analysis using GC. The samples were collected in different
stages to investigate the composition changes during CO2 gas injection. The effects of
pressure and oil composition on the extraction capacity of CO2 during the slim tube tests
were studied. To describe in further detail the changes in composition during CO2
injection, the composition of each oil sample was analysed and categorised into light (C6
and C7), intermediate (C8-C30) and heavy components (C30-C44). Figures 3-5 and 3-6
indicate the types of hydrocarbons that were stripped by the CO2 in the dead and live oil
systems. As shown in the figures, for all tests, the extracted CO2, which previously had
been mostly light, culminated at approximately C30. The produced oil obtained during
immiscible displacement at 2600 psig in the dead oil system is shown in Figure 3-5a. The
cylinder oil samples (1 and 2) indicate no changes in composition compared to the initial
oil. Shortly before the breakthrough (oil sample cyl#3), the CO2 dissolved into the oil and
extracted the lighter components (C6 and C7) and, therefore, the cyl#3 sample contained
a small increment of mole fraction of intermediate components (C8-C11). After the CO2
breakthrough, the bulk of the intermediate components (C8-C11) was produced mostly
from the oil by vaporisation, whereas the heavier components remained almost the same
(cyl#4-6). As CO2 injection continued, the mole fraction of C12-C15 produced increased
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and the C8-C11 mole fraction decreased (cyl#7); thus, the oil composition became heavier
as all of the lighter components had been produced in the miscible displacement process
performed at 3000 psig in the dead oil. Once again, at the CO2 injection, after the CO2
dissolved in the oil, it extract light hydrocarbon (C6 and C7) and intermediate components
(C8-C11), as shown in Figure 3-5b. However, as CO2 injection continued, the light and
intermediate components (C8-C11) were depleted and the oil composition shifted towards
a heavier oil. The mole percentage of C11-C15 and C16-C20 in the produced oil
increased. Comparing both displacements in the dead oil system, as the pressure of CO2
increased, the potential to extract further intermediate components was notable. This is
attributed to the higher density of CO2 at the higher pressure and its greater ability to
extract intermediate components. Additionally, all results from the compositional
analyses indicate that the CO2 could not produce heavier components (C30 to C44).
Moreover, Figure 3-6 shows the displacement of CO2 in the live oil system during both
immiscible and miscible displacement processes. The results show the same phenomena
when injecting CO2 during MMP measurement between live and dead oil systems.
However, in the live oil system, the CO2 was more efficient and could produce further
intermediate components, due to the presence of gas in the solution. The calculated
molecular weight of the produced oil at different CO2 displacement pressures in live and
dead oil is shown in Figure 3-7. A higher molecular weight was obtained in the live oil
system than in dead oil.

(a)
(b)
Figure 3-4: The compositional analysis results from the initial and produced oil samples during CO2
injection in the dead oil system at (a) 2600 and (b) 3000 psig.
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(a)
(b)
Figure 3-: The compositional analysis results of the initial and produced oil samples during CO2 injection
in the live oil system at (a) 2600 and (b) 3000 psig.

Figure 3-7: A comparison of the measured molecular weight of the residual oil in dead and live crude oil
displacement experiments at 2600 and 3000 psig.

A residual oil sample was collected after each experiment by injecting toluene, to
identify the remaining oil composition following CO2 injection. The following result was
obtained during immiscible displacement at 2600 psig; in miscible conditions, there was
no oil remaining to collect. Figure 3-8a shows the comparison between the composition
of the initial oil before CO2 injection and the residual oil remaining in the slim tube after
CO2 injection into both dead and live oil. There was a significant difference between the
initial composition of the oil and what remained following the CO2 injection; the
remaining oil was much heavier than the initial oil. The mole percentage of light
hydrocarbon fraction (C6-C7) decreased from 10.7 mole% in the original oil to 0% in the
remaining oil sample and the C8-C11 fraction decreased from 46% to 12.7 mole% due to
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vaporisation, whereas the heavy components fraction (C12-C25) increased in the
remaining oil. This comparison shows the complexity of the dynamic compositional
effects occurring during CO2 injection in an oil reservoir. As the injected CO2 comes into
contact with the oil, the oil becomes heavier and the MMP value increases. Figure 3-8b
shows the calculated molecular weight of the remaining oil following CO2 injection into
dead and live oil. The molecular weight of the remaining oil had increased from that of
the initial oil. However, the residual oil for the live system had a higher MW. This was
due to the presence of gas in the solution, implying that CO2 extraction is a major factor
in CO2/crude oil miscibility development. Therefore, the impact of these compositional
changes and the changes in the composition of the residual oil at minimum miscibility
pressure is investigated in the following sections.

(a)

(b)

Figure 3-8: A comparison of the measured molecular weight of the residual oil in live crude oil and live
crude oil displacement experiments at 2600 and 3000 psig.

3.5.2

Slim Tube Experiment: The Effects of Gas Mixtures on the Performance of
CO2
A series of slim tube experiments was performed to investigate the impact of the

presence of other gases in injected CO2 streams on the MMP of CO2 and crude oil A.
Different mixtures of gases were investigated, namely, N2, C1 and C2 (up to 20%). The
results of the MMP measurements for the CO2 mixtures are illustrated in Figure 3-9. The
overall result shows a linear relationship between the MMP values and various gas
mixtures of up to 20%. This information can help to determine the optimum gas to be
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injected. The MMPs for the CO2-methane mixtures of 10% and 20% were approximately
3125 and 3400 psig, respectively. As expected, the methane contributed to increasing the
value of the MMP compared to pure CO2 (2850 psig). However, under the reservoir
conditions, CO2 with 20% of methane still developed miscibility. It can, therefore, reduce
costs, as an injection of high purity CO2 is not required. For 10% and 20% of nitrogen
with CO2, the MMP was 3600 and 4200 psig, respectively, which shows a significant rise
in the MMP compared to that of the CO2-methane mixture. However, 10% of ethane
reduced the MMP by 5% (2700 psig). Therefore, designing a mixture of gas for the Abu
Dhabi reservoir seems to be a feasible and economic option.

Figure 3-9: The MMP values for various gas mixtures.

3.5.3 Mixing Cell Experiments (Compositional Profiles)
The contact or mixing cell experiment (MCM) was developed for the indirect
determination of an oil’s MMP. The results obtained from the MCM were used to
calibrate phase behaviour models based on oil and gas interaction in a PVT cell. Using
this setup allowed for a quantitative study of the interaction between injected CO2 and
live oil as a result of the different volumes of CO2 injected, to identify the presence of
associated gases in the CO2 and remaining oil. The test was performed at near miscible
conditions to ensure the existence of a two-phase equilibrium of liquid and vapour. The
tests were performed at 129 ºC (reservoir temperature) and a pressure of 2800 psig. Three
multiple contact experiments were performed at the same conditions but with three
different ratios between oil and CO2. Figures 3-10 to 3-12 show the results for the
29

remaining oil at 0.652, 0.326 and 0.163 fractions of total moles in place of CO2 contacted
with oil. The represented volume of CO2 in contact with oil at 0.652 moles was 1.2 cc/cc
,at 0.326 moles was 0.6 cc/cc ,and for 0.163 was around 0.3 cc/cc. In the first experiment,
0.652 mole of CO2 gas (fraction of total moles in place) was exposed to the oil four times.
The remaining oil sample following each exposure was collected and analysed using GC.
As shown in Figure 3-10, the first contact between CO2 and the oil (FC1) had the highest
fraction of light (C6-C7) and intermediate (C8-C11) components and the lowest
performance regarding heavy (C15-C30) components. In the second contact (FC2), a new
batch of fresh CO2 communicated with the remaining oil from FC1. The oil gradually
became heavier, indicating the ability of CO2 to extract further intermediate (C8-C11)
and heavy (C15-C30) components. As further contacts were made (FC3 and FC4),
components C8-C11 dropped from 46% to 33% while intermediate components (C15C30) remained high. In the second and third experiments, the mole fraction of CO2 gas
injected was 0.325 and 0.162, at the same pressure and temperature, to examine the effect
of composition changes at different volumes of CO2 injection. The same phenomena were
observed, as shown in Figures 3-11 and 3-12; the oil remaining after the first contact was
rich with intermediate components (C8-C11). At further contacts, the CO2 extraction was
less efficient than in the first experiment, due to the amount of CO2 exposed to the oil.
The calculated molecular weight for all contacts at three different ratios of CO2 is
illustrated in Figure 3-13. The molecular weight increased at each contact, as the CO2
dissolved and produced more intermediate components. This result indicates that the first
experiment had a higher molecular weight due to the volume of CO2 gas injected.

Figure 3-5: The remaining oil after different contact tests with 0.652 moles of CO2 gas.
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Figure 3-11: The remaining oil after different contact tests with 0.326 moles of CO2 gas.

Figure 3-12: The remaining oil after different contact tests with 0.163 moles of CO2 gas.
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Figure 3-13: The molecular weight of the remaining oil sample during four contacts with CO2.

Compositional analyses of the produced gas were collected during four contacts
with high-pressure trap gas. In the first experiment, 18% of the produced gas was methane
(Figure 3-14) and approximately 72% was CO2 (Figure 3-16). In the second, the amount
of methane dropped to approximately 4.5% and the CO2 increased to approximately 91%;
the rest of the produced gas contained C2 and C3-C7. In the third and fourth experiments,
an increase of C3-C7 components was observed due to the release of methane gas from
the CO2, which allowed for the extraction of further components. In the second
experiment, 0.326 mole of the CO2 was injected (Figure 3-15) and the methane gas
produced increased to approximately 57% and 20% of CO2 (Figure 33) in contact 1. In
the third experiment, when 0.163 of mole fraction of CO2 was injected, a large volume of
methane was produced (approximately 75%), as shown in Figure 3-17. Comparing the
results from the first experiment using different volumes of CO2 injections, it can be seen
that when lower volumes of CO2 came into contact with the oil, a higher amount of
methane was extracted as a front phase, described in the literature as a methane bank.
This was likely to have negatively impacted CO2-oil miscibility development. However,
as the volume of injected CO2 increased, the amount of methane extracted fell to
approximately 18%. This information is important regarding which reinjection of gas
produced during CO2 injection is considered. It should be noted that CO2 in
miscible/immiscible solutions dissolves in oil and extracts methane and light hydrocarbon
(C2-C6) gases as a front phase; this negatively impacts MMP.
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Figure 3-14: The produced gas after different contact tests with 0.652 moles of CO2

Figure 3-15: The produced gas after different contact tests with 0.326 moles of CO2
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Figure 3-16: The produced CO2 gas at three different ratios of CO2 in contact with oil.

Figure 3-17: The produced gas after different contact tests with 0.163 moles of CO2

3.5.4 MMP for Pure/Impure CO2 and the Composition of the Remaining Oil
The investigation of injections of a pure CO2/produced gas and the composition
of the remaining oil after several contacts with CO2 were examined. The oil was in contact
with CO2 gas using the mixing cell experiment result from the previous section. The
remaining oil was prepared based on the volume of CO2 injected during four contacts
with the oil. As shown previously, the CO2 extraction after several contacts produced
light and intermediate components while heavier components were not produced. The
calculated molecular weight of the produced oil was approximately 200 g/mol following
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the last contact with CO2, as shown in Figure 3-13. The produced gas was prepared as
the first contact of CO2 and oil, as shown in Figure 3-14. The MMP measurements for
the pure CO2 and produced gas with the remaining oil are shown in Figure 3-18. The
MMP was 4250 psig for pure CO2 and 4700 psig for the produced gas and remaining oil.
The significant increase in MMP for the produced gas and remaining oil is due to the
amount of methane in the produced gas. However, the increase of MMP in the remaining
oil had a large impact on miscibility development, as light and intermediate components
have an important role in MMP. It is also important to mention that CO2/oil miscibility
development in terms of vaporising was minimised, since the CO2’s capacity to vaporise
lighter and more intermediate components was minimised. Therefore, when reinjection
of CO2 gas is considered will need more attention as it will be immiscible if reservoir
pressure is lower than the MMP. A quick solution may be to enrich CO2 with light
hydrocarbons to lower MMP.

Figure 3-18: Cumulative oil recovery at 1.2 PV of pure CO2 versus pressure in the remaining oil system.

3.6 Compositional Model
3.6.1 EOS Development
Estimating minimum miscibility pressure involves the fundamental assumption
that the phase behaviour can be accurately described with a tuned EOS. WinPropTM, a
CMG EOS multi-phase equilibrium property software, reproduces the observed fluid’s
behaviour to predict CO2/oil phase behaviour and MMP. Tuning EOS parameters to
estimate the CO2/oil MMP was achieved via the following steps:
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•

Data collection

•

Uploading the compositional and experimental data in WinPropTM software

•

Utilising the regression option to tune EOS parameters for matching
experimental data

•

Exporting the tuned EOS model for reservoir simulation.

The results from the PVT experiments were used to tune a PR-EOS. The EOS_01
model was built to match the following PVT experiments: separator test, constant mass
expansion (CME), differential liberation (DL), viscosity experiment and swelling test.
Any discrepancies between the measured and calculated data were minimised by
adjusting the EOS’s parameters.
Reservoir fluid characterisation, also known as EOS tuning, is a multi-step process
that involves several steps:
1. Splitting heavy components (C6+ or C7+) into pseudo components: a single
heavy fraction might contain hundreds of compounds with a carbon number
greater than six (or seven). The characteristics of the heavy components C6+
or C7+ are frequently unknown and, hence, represent a major source of error
in the EOS, lowering its prediction accuracy. Thus, the C6+ fraction is divided
into pseudo components to improve EOS prediction, as recommended by
Whitson (1983). This approach characterises the molar distribution (mole
fraction/molecular weight) and physical attributes (e.g. specific gravity) of
component fractions such as hexanes-plus (C6+) while maintaining the
molecular weight of the plus fraction using a three-parameter gamma
probability function.
2. Lumping scheme to reach a smaller number of pseudo components: this is
performed primarily to reduce the number of components and shorten the
running time for the simulation. Descriptive criteria for lumping pseudocomponents include comparable component characteristics and molecular
weight. Many regressions are required to obtain the optimum grouping system
for the history that matches the laboratory experiments.
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3. Regression is used to match PVT properties: the data from the experiments,
such as the separator test, CME, DL and swelling test, are introduced to the
regression block during this stage. A separate regression block for the viscosity
experiment was conducted utilising Jossi-Stiel-Thodos (JST) correlation. Two
different run characterisations for the regressions were required. As in the first
run, all experiments were included. Regression variables were chosen to
exclude any regression parameter data that, upon analysis, were found to be
unlikely to significantly affect the estimated value of the regression data.
During regression runs, the following plus component parameters were used:
I.
II.

Critical temperature

III.

Critical volume

IV.

Acentric factor

V.
VI.

3.6.2

Critical pressure

Volume shift
Interaction parameters between CO2 and plus components.

Tuning PR EOS

EOS must be tuned or characterised so that it can reproduce the PVT experiments.
This multistep process is based on the properties of the plus fraction, mainly molecular
weight, specific gravity (SG) and mole fraction, as mentioned by Whitson. To facilitate
this process, a full reservoir fluid characterisation was performed, up to a residue of C36+.
Next, various lumping schemes were contracted to reduce the number of components and
increase the efficiency of the simulation. The optimal lumping in terms of both accuracy
and the minimal number of components was achieved by nine pure and four pseudo
components: (N2, CO2, C1, C2, C3, C4, C5, C6, and C7-C10, C11-C19, C20-C35 and
C36+, respectively). The phase behaviour was maintained during lumping by ensuring
that the physical properties, such as pressure saturation, GOR, formation volume factor
(FVF) and API.
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Table 3-4: The regression steps for the PR EOS parameters of plus components.

As illustrated in Table 3-4, different regression steps were taken to match the
following experiments: separator test, CME, DL, viscosity experiment and swelling test.
The first step of the regression was to match saturation pressure and separator
conditions by adjusting the critical pressure, Pc, critical temperature, Tc, and property
correlations of the heaviest component (C36+). Additionally, volume shift and omegas
were assigned for the four pseudo components to improve saturation for the CME & DL
experiments. The acentric factor ω and binary interaction coefficient were assigned to a
swelling test experiment to improve the match of saturation pressure and swelling factor.
As a final step, regression was performed against oil viscosity to ensure the correct
estimation of reservoir flood. The mixing rule exponent parameters and polynomial
coefficients and the Vc properties of the plus components of the JIT correlation were used
in the viscosity regression. A comparison of the results of the calculation of the PVT
model and experimental data is shown in Figures 3-19, 3-20, 3-21 and 3-22. There was a
reasonable and accurate match of the EOS_01 with the laboratory experiments’
properties.
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(a)

(b)

Figure 3-19: Relative volume (a) and oil density (b) vs. pressure in CME at 265 ºF: experimental and
simulated results.

(a)

(b)

Figure 3-20: GOR & ROV (a) and oil SG (b) versus pressure in differential liberation, experimental and
simulated results.
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(a)

(b)

Figure 3-21: Swollen volume & saturation pressure vs. mol% gas/initial mol oil using pure CO2 as
injection gas ion swelling test at 265°F: experimental and simulated results.

Figure 3-22: Oil viscosity versus pressure in viscosity: experimental and simulated results.
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Estimation methods based on MMP analysis were based on the fundamental
assumption that phase behaviour may be adequately characterised by a modified EOS.
The analytical solution in WINPROP software was utilised to obtain a baseline for the
model in predicting MMP. Method of characteristics (MOC) and mixing cell (cell-to-cell)
approaches (single and multi-cells) were utilised as analytical solutions. The analytical
MMP results obtained from the EOS model are represented in Table 3-5. The results show
that the best prediction for MMP was obtained using the mixing cell methods and the PR
EOS_01 model. Therefore, the EOS_01 model was used in the simulation.

Table 3-5: The results of the analytical methods utilising PR EOS_01 for MMP estimates.
MMP Methods

MMP (psig)

ARE %

Experiment

2850

-

Key tie line method

3350

17

Multi-mixing cell
method

2730

4.2

Single-mixing cell
method

3700

30

3.6.3 1-D Slim Tube Simulation
Slim tube simulation duplicates the slim tube experiments in a computational
simulator. A compositional simulator solves the 1-D flow equation using the tuned cubic
EOS for the oil and gas. The procedure and interpretation of the results are the same as in
the experimental methods; oil recovery at 1.2 PV of injected gas is plotted versus
pressure. The aim of running a series of slim tube simulations is to validate the results of
the slim tube experiments. The 1-D slim tube setup model is shown in Figure 3-23. The
1-D slim tube model was built with a 500 grid size, to minimise the effect of numerical
dispersion. The porosity for the model was 34.2% and it had 5.7 Darcy permeability.
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Figure 3-23: 1-D slim tube simulation setup.

Several slim tube simulations were performed to identify the MMP at different
gas injections. The cumulative recovery versus pressure was plotted, as shown in Figure
3-24. The MMP for pure CO2 was approximately 2950 psig with almost 5% error
compared to the measured MMP (2850 psig). To validate a numerical model for the
physical processes occurring in the slim tube instead of the recovery factor, Mogensen
estimated MMP by counting the size of the methane bank; as the pressure approaches
MMP, the size of the methane bank reaches 0. Thus, the methane effluent gas versus
different CO2 displacement pressures are plotted in Figure 3-25. There was a large spike
of methane presence at lower pressures, whereas the amount of methane continued to
decrease as the pressure increased and MMP was determined. Figure 3-26 represents the
results of the simulation and the measured MMP for a mixture of CO2 with 10% and 20%
of N2. The simulation results indicate an increase in MMP as the percentage of
nitrogen/CO2 mixture increased, in line with experimental observations. The MMP
estimations of 10% and 20% N2 with CO2 were approximately 3525 and 4125 psig,
respectively, with good accuracy compared to the slim tube experiments. Once again, the
mixture of CO2 and methane with 10% and 20% N2 increased MMP; however, the effect
on MMP was less significant than when mixing CO2 with nitrogen (Figure 3-27). The
MMP values from the slim tube simulation for 10% and 20% of methane were
approximately 3200 and 3500 psig, respectively. The results show that both nitrogen and
methane (up to 20% mixture with CO2) increased the MMP linearly. The overall results
support the simulation’s ability to predict the effect of nitrogen and methane, with an error
of 2-5%. However, the 1-D simulation result for ethane did not indicate a good ability to
lower MMP, although this was not observed in the slim tube experiments (Figure 3-28).
This may be due to the similarity in value of critical (TC) for both C2 and CO2.
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Figure 3-24: Oil recovery at 1.2 PV of injected CO2 versus pressure.

Figure 3-25: Produced methane gas versus PV at different pressures.
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Figure 3-26: Oil recovery at 1.2 PV of CO2 and mixture of injected C1 versus pressure.

Figure 3-27: Oil recovery at 1.2 PV of CO2 and mixture of injected N2 versus pressure.
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Figure 3-28: Oil recovery at 1.2 PV of CO2 and mixture of injected C2 versus pressure.

3.7 Conclusion
From this chapter, the following conclusions can be drawn from the distinct
experimental and simulation experiments:
•

The mixtures of CO2 with N2 and CH4 have the effect of increasing the pressure
required for reaching miscibility levels under the conditions of Crude oil A,
whereas ethane gas was found to decrease the MMP.

•

A linear relationship was found in increasing/decreasing MMP by up to 20 %,
based on different mixtures of gases.

•

The amount of pure CO2 injection at 1.2 pore volume resulted in approximately
20% more hydrocarbons produced through the gas stream, while the live stream
had about 31% hydrocarbons.

•

The results also validate the assumption that a linear interaction can be obtained
from increasing/decreasing MMP based on different levels of CO2 injection up to
20%.

•

The results of the Mixing Cell experiments show that the front phase of produced
gas was mainly methane and was related to the volume of CO2injected. Thus, the
lower the amount of CO2 that is in contact with the oil, the higher the amount of
methane that has been extracted and produced in front of CO2.
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•

Due to the interaction between injected CO2 and crude, the residual oil in the
reservoir becomes heavier since CO2 displaces lighter compounds, as evidenced
in the obtained molecular weight of the remaining oil and obtained oil.

•

When CO2 is reinjected in the reservoir, the miscibility of the residual oil and CO2
leads to a significant impact on the MMP, given that there is an absence of light
and intermediate components.

•

The analytical MMP estimation obtained from the EOS_01 model shows that the
best prediction for MMP was found with mixing cell methods.

•

The 1-D slim tube experiment relying upon EOS is an excellent method of
determining MMP of the CO2 mixture with N2 and C1 up to 20%. However, it
should be noted that this method was not practical for ethane, as it did not
contribute to the reduction of MMP, which is due to the almost identical values of
critical for both C2 and CO2.
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CHAPTER 4 AN IMPROVED CORRELATION FOR PREDICTING
MMP FOR PURE CO2 INJECTIONS
In this chapter, a new correlation is proposed for estimating the MMP of CO2 with
particular emphasis on high-temperature fluid systems. The new formulation has been
developed based on multiple parameter regressions of measured data as a function of
temperature, saturation pressure and reservoir fluid composition. In addition to the
existing data sets available in the literature, 17 additional slim tube experiments were
performed on different Abu Dhabi reservoir fluids to enlarge the parameter envelope and
increase the robustness of the model. The proposed new correlation predicts the MMP of
CO2 to within 6.4%. To constrain the correlation, a series of EOS-based MMP
calculations was performed for several fluids in the temperature range of 100 to 350 °F.
These calculations confirmed that MMP attains a maximum value at approximately 320
°F.
4.1. Introduction
MMP is an important parameter in the design of a successful miscible gas
injection project. It is common industry practice to infer MMP from a series of carefully
designed slim tube tests, but there are cases where a quick and rough estimate of MMP is
required to screen for potential applications of miscible gas injection. Since slim tube
testing is time-consuming and costly, mathematical correlations are attractive, as they
require few input parameters and little information regarding the fluids and are quick and
easy to use. However, whereas MMP can be predicted with relative confidence using
standard correlations, when using hydrocarbon gas or nitrogen, the same level of accuracy
is not achieved for correlations predicting the MMP of CO2; this is partially due to a more
complicated temperature-dependent mass transfer.
This study is part of an ongoing effort to evaluate miscibility conditions using a
variety of injection gases across the ADNOC reservoir fluid portfolio. We have tested the
most common existing CO2 MMP correlations against measured MMP data from slim
tube tests for a large number of Abu Dhabi reservoir fluids. The results show that none of
the existing correlations can accurately predict MMP for these crude oils and it is believed
that this is because most available correlations were established based on reservoir
temperatures much lower than the typical temperature conditions of 250 °F found in many
Abu Dhabi reservoirs.
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This chapter reports the conduct and results of

17 additional CO2 MMP

measurements, predominantly performed at 250 °F, using the slim tube method, on
several fluids from Abu Dhabi reservoirs. These additional data points have enabled the
development of a more accurate MMP correlation, which also honours the existing data
points published in the literature. Additionally, the data used for tuning the correlation
were supplemented with a series of EOS-based MMP calculations in the temperature
range of 100-350 °F.
4.1.1 A Review of the Existing Correlations for the MMP of CO2
Listed below are the most common correlations available in functional form.
Numerous correlations for predicting the MMP of CO2 have been published since the late
1970s and they fall mainly into the following categories:
Graphical Correlations
Early work by Holm and Josendahl (1974, 1982) showed a graphical dependency
of MMP with temperature and molecular weight of C5+ covering a range of 180-240 g/mol
(Figure 4-1). The correlation was applied to six crude oil samples at five different
temperatures and the results were compared to those from slim tube testing using CO2.
The National Petroleum Council model developed by Klins (1984) assumed that MMP
depended mainly on oil API and a temperature-dependent correction term. An early
attempt to characterise the oil by a single parameter was to include the dead oil’s API,
based on the experience from developing black-oil property correlations (Klins, 1984;
Johnson & Pollin, 1981). However, the molecular weight of the plus fraction was later
found to correlate much better with MMP than with API.
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Figure 4-1 A graphical correlation for the prediction of MMP (Holm & Josendal, 1974).

Correlations Based Solely on Temperature
Lee (1979) argued that temperature is the main parameter affecting MMP and
presented a correlation applicable to temperatures up to 120 °F. This correlation was
developed in 1979 in a study that involved miscible and immiscible CO2 injection. When
the temperature of the reservoir oil was less than the critical temperature of the CO2, the
CO2 vapour pressure was used as the MMP. However, the developed correlation is now
used to predict MMP rather than vice versa. The developed correlation is given as follows:
MMP = 7.3942 × 10b
where
b = 2.772 − (1519 / (492 + 1.8 TR)
and TR = temperature of reservoir.
The limitation of this correlation is that if the MMP is less than the bubble point pressure,
then the bubble point pressure may be taken as the CO2’s MMP (Lee, 1979).
In 1980, a correlation was proposed by Yellig and Metcalfe(1980) who studied
both live and dead oils. They showed that when MMP was plotted versus temperature.
MMP increased by 15 psia/°F in the temperature range investigated. The temperature
limitations for this correlation were 95-190 °F. It was also found that compositional
effects were a major source of error and should be considered to ensure accurate
determination of MMP (Yellig & Metcalfe, 1980). The correlation is given as follows:
MMP = 1833.7217 + (2.2518055 × TR) + (0.01800674 × TR2) + (103949.93 / TR)
where,
TR = Temperature of reservoir
The Orr and Jensen correlation was proposed in 1984 based on the extrapolated
vapour pressure (EVP) method used for MMP determination for both live and dead oils.
The EVP method was not very different from the Yellig and Metcalfe and Holm and
Josendal correlations. However, it presented a simple physical explanation of the two
correlations at lower reservoir temperatures (below 121°F). The correlation is given as
follows:
MMP = 0.101386 × eb
where
b = 10.91 − (2015 / [255.372 + 0.5556 × (1.8 TR + 32)]
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TR = Temperature of reservoir.
This correlation is accurate for dead oils. However, in the case of dissolved gases, a
reasonable safety margin of 200-300 psi must be added to predict MMP. Moreover, as no
compositional effects of oil were considered, the consideration of temperature only was
an oversimplification (Orr Jr & Jensen, 1984).
Correlations Accounting for Oil Composition
In 1985, Glasø performed experimental and correlational studies on North Sea oil
reservoirs. The correlation was derived from the graphical correlations of Benham et al..
It predicted MMP as a function of reservoir temperature and the molecular weight of
intermediate (C2-C6) and heavier fractions (C7+). The two forms of correlation
depending upon the percentage of intermediates are given as follows:
For FR (C2-C6) > 18 mol:
MMP =
5.58657 − 0.02347739 × MC7+ + [1.1725 × 10−11 × (MC7+)3.73 × e786.8 * (MC7+)−1.058] ×
(1.8TR + 32).
For FR (C2 to C6) < 18 mol:
MMP =
20.33 − 0.02347739 × MC7+ + [1.1725 × 10−11 × (MC7+)3.73 × e786.8 * (MC7+)−1.058] × (1.8TR
+ 32) − 0.836 × FR,
where
TR = Reservoir temperature (°F),
MC5+ = Molecular weight of heavier fluid fractions, and
FR = Mole percentage of intermediates.
By using the above two equations it was found that the average deviation from
experimental values was only −4.41% and a standard deviation of 11.65% was obtained
in the oppression range of 900-4500 psi (Glasø, 1985).
In 1985, Alston et al. developed correlations for pure and impure CO2 injection
gases. These correlations were based on reservoir temperature, the molecular weight of
C5 fractions in oil, volatiles, intermediate oil fractions and the purity of the injected CO2
gas. The correlation for pure CO2 injection is given as follows:
MMP = 8.78 × 10-4 (1.8TR + 32)1.060 × (MC5+)1.780 × (Xvol / Xmed)0.136,
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where
TR = Reservoir temperature (°F,
MC5+ = Molecular weight of heavier fluid fractions,
Xvol = Mole fraction of volatiles such as N2 and CH4, and
Xmed = Mole fraction of intermediates (C2-C6).
To develop this correlation, slim tube testing was also conducted to assess the impact of
volatile and intermediate oil fractions on the MMP. The tests were conducted at a
temperature of 130 °F and 1500 psia. These tests revealed a small but substantial
contribution of the oil fractions. A bubble point criterion was also defined for the system’s
MMP. For live oil systems, if the estimated MMP was less than the bubble point pressure
of the reservoir oil, then the bubble point pressure was used as the MMP (Alston et al.,
1985).
In 2005, Emera and Sarma presented correlations for pure and impure CO2
injections into oil reservoirs. This correlation was based on a new genetic algorithm
method and was applicable to oils with bubble point pressures of less than 50 psi. The
correlation for pure CO2 is given as follows (Emera & Lu, 2005):
For Pb > 50 psi:
MMP = 5.0093 × 10-5 (1.8TR + 32)1.164 × (MC5+)1.2785 × (Xvol / Xmed)0.1073.
For Pb < 50 psi:
MMP = 5.0093 × 10−5 (1.8TR + 32)1.164 × (MC5+)1.2785,
where,
TR = Reservoir temperature (°F),
MC5+ = Molecular weight of heavier fluid fractions,
Xvol = Mole fraction of volatiles such as N2 and CH4 and
Xmed = Mole fraction of intermediates (C2-C6).
Yuan’s correlation was developed to predict the MMP of multicomponent oil
displacement by pure and impure CO2 gas at high reservoir temperatures. It utilised
developments in the analytical theory of the EOS for the formulation of the correlation
involving three parameters: reservoir temperature, percentage of the intermediate
compounds (C2-C6) and the molecular weight of heavier compounds (C7+). The
correlation is given as follows:
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MMP = a1 + (a2 × MC7+) + (a3 × Xmed) + [a4 + (a5 × MC7+) + a6 (Xmed / MC7+)] TR + [a7 +
(a8 × MC7+) + (a9 × MC7+2) + (a10 × Xmed)] TR2,
where
a1 = −1.4634 x 103 a2 = 6.612 a3 = −44.979 a4 = 2.139 a5 = 0.11667,
a6 = 8.1661 x 103 a7 = −0.12258 a8 = 1.2883 x 10-3 a9 = −4.0152 x 10−6
and a10 = −9.2577 x 10−4.
A total of 70 MMP measurements were used and a quadratic equation was fitted
to the obtained data. The temperature range of the reservoir was 71-300 °F. An absolute
average error of 11.9% was obtained for the 41 slim tube MMP values compared to the
correlation results (Yuan et al., 2005).
In 2015, a correlation was presented by Hao et al., based on the Emera-Sarma
model. It utilised a global optimisation algorithm and modified conjugate gradients for
establishing a prediction model. The researchers found that the molecular weight of
heavier compounds, such as MC7+ rather than MC5+, is beneficial for the accuracy of
correlation coefficients. The correlation is applicable in a temperature range of 36.80377.54 °F and a pressure of 0-10,000 psi. This correlation is given as follows:
MMP = 8.3397 × 10−5 [ln (1.8TR + 32)]3.9774 × [ln (MC7+)]3.3179 × [1 + (Xvol / Xmed)0.1073,
where
TR = Reservoir temperature (°F),
MC7+ = Molecular weight of heavier oil fractions,
Xvol = Mole fraction of volatiles such as N2 and CH4 and
Xmed = Mole fraction of intermediates (C2-C6).
Correlations Aided by EOS Calculations
Correlations developed before 1986 were based on the understanding that CO2
develops multi-contact miscibility via a purely vaporising drive, similarly to methane and
nitrogen. However, Zick (1986) demonstrated that the mass transfer occurs via a
combined condensing/vaporising mechanism, which is much more complicated. Yuan et
al. (2005) proposed a functional expression guided by analytical gas injection theory
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using the method of characteristics and some EOS-based calculations to demonstrate that
MMP attains a maximum versus temperature.
4.2 Data Collection and Screening
17 new slim tube experiments using CO2 were conducted for different Abu Dhabi
reservoir fluids ranging from black to volatile oils. Table 4-1 summarises the fluid
properties required to apply each of the correlations described in the previous paragraphs.
Most of the experiments were conducted at temperatures above 250 °F, for which data
coverage in the existing literature is scarce. These new data have been utilised to obtain
a new correlation for the Abu Dhabi reservoir.

Table 4.1 Slim tube measurements performed on Abu Dhabi crude oils using CO2
Sample

Temp

Psat

MW_C5

MW_C7

N2

H2S

CO2

C1

C2-C6

ID

°F

psia

g/mol

g/mol

%

%

%

%

%

1

249.0

2289

171

203

0.16

0.00

1.67

32.63

33.55

0.98

2540

2

250.0

2086

165

187

0.16

0.00

1.81

29.63

30.07

0.99

2650

3

275.0

4002

151

179

0.16

8.06

0.87

49.44

25.27

1.96

4002

4

250.0

4092

178

202

0.12

0.35

2.47

49.76

21.58

2.31

4265

5

250.0

3479

187

209

0.08

0.58

2.49

45.68

20.01

2.29

3565

6

271.9

4416

187

206

0.05

1.73

2.60

53.13

17.90

2.97

4535

7

266.0

4738

180

199

0.24

4.23

2.45

55.32

15.94

3.49

4753

8

250.0

2517

185

214

0.12

0.00

2.59

34.16

28.11

1.22

2790

9

260.0

2870

176

201

0.13

0.29

2.60

37.88

25.59

1.49

3125

10

230.0

2734

183

209

0.17

0.00

1.15

37.92

29.00

1.31

2815

11

146.0

577

230

257

0.25

0.01

0.14

11.23

27.11

0.42

2215

12

200.0

1620

195

215

0.28

0.00

0.65

25.45

25.88

0.99

2950

13

265.0

2830

170

200

0.27

0.00

2.74

35.99

29.21

1.24

2830

14

265.0

2700

182

208

0.23

0.00

2.63

36.60

24.63

1.50

3000

15

265.0

2445

187

208

0.27

0.13

2.76

33.20

25.12

1.33

2965

16

265.0

1106

195

222

0.17

0.00

2.40

15.88

30.39

0.53

2965

17

255.0

1265

183

209

0.22

0.00

2.36

18.20

30.75

0.60

2840
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xVol/xInt

MMP
psia

4.2.1 Data Analysis
Using the data available in the literature (listed in the previously mentioned
references and work by Clark et al. (2008) and Menouar (2013)) in addition to the data
obtained in this study, several cross-plots were created to investigate the correlation
between MMP and six parameters (Figures 4-2, 4-3 and 4-4). In most cases, it was not
possible to vary just one parameter while keeping the others constant; however, some
trends did emerge:
•

The methane fraction caused MMP to increase to above a threshold value of 35%.

•

MMP decreased with an increase of the intermediates fraction, as expected.

•

The molecular weight plus fraction did not show any correlation with MMP,
possibly because the trend was masked by a variation of the other parameters.

•

MMP increased with temperature, as expected.

•

MMP showed a very clear increasing trend as a function of saturation pressure.

Based on this analysis, a correlation was developed incorporating temperature,
amount of volatiles, amount of intermediates and saturation pressure. In the absence of
saturation pressure data, this parameter was predicted based on the number of volatile
components, as described in the following section.

Figure 4-2: The correlation between MMP and methane content (left) and molecular weight of plus
fraction (right).
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Figure 4-3: The correlation between MMP and intermediate component content (left) and the ratio of
volatiles to intermediates (right).

Figure 4-4: The correlation between MMP and temperature (left) and saturation pressure (right).

4.2.2 Fluid Property Database
Accurate representation of fluid phase behaviour is a cornerstone in the
development of oil and gas reservoirs, affecting reserves’ estimates, development
strategies, recovery factors, metering, flow assurance and many other aspects. Since the
discovery of the first oil wells more than 50 years ago, ADNOC has continued to conduct
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PVT studies on reservoir fluids belonging to its large, carbonate reservoirs, when
required. Thus, the portfolio of fluid systems has gradually expanded to cover the whole
range from dry gas, gas condensates, volatile oils and medium-gravity black oils.

Figure 4-5: Reservoir temperature distribution for ADNOC reservoir fluids.

Figure 4-6: Saturation pressure distribution for ADNOC reservoir fluids.
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Figure 4-7: The correlation between plus fraction molecular weights for ADNOC reservoir fluids.

Figure 4-8: The correlation between saturation pressure and the number of volatiles for ADNOC reservoir
fluids.

A significant effort was recently undertaken to categorise, scrutinise and digitise
all of this data to make it available to the technical community within the company. In
many ways, the creation and utilisation of the digitalised data repository have put more
spotlight on how fluid properties influence technical decision-making and support the
aspiration to achieve 70% recovery from its reservoirs.
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Figure 4-6 shows that most of the reservoirs have temperatures of 250 °F and
above. As the existing published literature on the MMP of CO2 is relatively scarce at these
temperatures, this prompted a search for a more accurate correlation, which is described
subsequently. The saturation pressure varies from less than 500 psia to more than 5000
psia (Figure 4-7) and correlates well with the number of volatiles (Figure 4-8). This
relationship was used to test a new correlation on published MMP data sets where the
saturation pressure was not reported.
4.3 EOS-Based MMP Calculations
Inspired by the work of Yuan et al. (2005), a series of EOS-based MMP
calculations were performed on samples 3, 11, 15 and 16 from Table 4-1. First, an EOS
was tuned for each sample, honouring both routine PVT data (CCE, DV, separator tests,
viscosity) and swelling tests. In some cases, CCE data were available at more than one
temperature. It was then verified that the predicted MMP of CO2 lay within 100-150 psia
of the value reported at the reservoir temperature. Subsequently, the tuned EOS was used
to predict MMP for the same reservoir fluid at different temperatures, covering a range
from 100-350 °F.

Figure 4-9: EOS-based MMP calculations versus temperature for four different ADNOC fluid systems.
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Figure 4-10: The slope of MMP versus temperature and saturation pressure for four different ADNOC
fluid systems.

Figure 4-9 confirms the statement by Yuan et al. (2005) that MMP attains a
maximum versus temperature. For the fluid systems investigated, this maximum occurred
at approximately 320 °F. At lower temperatures, the MMP exhibited a straight-line
relationship versus temperature with a slope of 10-16 psia/°F, in agreement with
observations by Yellig and Metcalfe (1980). The slope itself appears to be linear with
temperature, which means that MMP versus temperature ought to follow a quadratic
expression (Figure 4-10).
4.4 The Proposed New Correlation for the MMP of CO2
Based on observations from the data analysis, a new correlation was developed to
estimate the MMP of CO2 based on temperature, saturation pressure and the number of
volatiles and intermediates:

𝑴𝑴𝑴𝑴𝑴𝑴 = 𝒂𝒂𝟏𝟏 + 𝒂𝒂𝟐𝟐 𝑻𝑻 + 𝒂𝒂𝟑𝟑 𝒙𝒙𝒗𝒗𝒗𝒗𝒗𝒗 + 𝒂𝒂𝟒𝟒 𝒙𝒙𝒊𝒊𝒊𝒊𝒊𝒊 +

where,

𝒙𝒙𝒗𝒗𝒗𝒗𝒗𝒗
× [𝒂𝒂𝟓𝟓 + 𝒂𝒂𝟔𝟔 𝑷𝑷𝒔𝒔𝒔𝒔𝒔𝒔 + 𝒂𝒂𝟕𝟕 𝑻𝑻],
𝒙𝒙𝒊𝒊𝒊𝒊𝒊𝒊

T = Reservoir temperature (°F),
Xvol = Mole fraction of volatiles such as N2 and CH4,
Xint = Mole fraction of intermediates (C2-C6) and
Psat = Pressure saturation (Psig).
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Table 4-2: The parameters for the new MMP correlation.

Model
1
2
3

a1

a2

a3

a4

a5

a6

500.620 9.580 32.178 17.637 -301.235 0.329
524.175 11.278 30.724 17.297 -301.463 0.263
630.031 11.367 9.505 11.047 -296.818 0.302

a7

Data Sets

-4.203 ADNOC Data + Yellig-Metcalfe
-4.197 + Psat estimation for other literature data
-4.345 + EOS-based MMP calculations

Figure 4-11: Actual versus predicted MMP using data set 1.

Figure 4-12: The predicted MMP for all fluids in the ADNOC PVT database using model 1.
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Figure 4-13: The predicted MMP for a reservoir with a large lateral fluid property variation using model
1.

The seven adjustable parameters were tuned to three different data sets. The first
data set comprised measurements where the saturation pressure was reported, together
with the other variables. The second data set made use of the saturation pressure model
shown in Figure 4-8 to estimate the saturation pressure for data sets where the number of
volatile components was reported. The third data set included the results from the EOSbased MMP calculations shown in Figure 4-9. Table 4-2 summarises the model
parameters for each of the data sets. Figure 4-11 illustrates the model prediction versus
actual MMP for data set 1.
Table 4-3: A comparison of the performance of different MMP models. The numbers represent absolute
average deviation (AAD).

Yellig Cronquist Alston Emera-Sarma Hao

Glaso

Yuan New Model

15.98
15.98
16.43

18.12
18.12
19.44

19.83
19.83
21.82

17.46
17.46
29.82

13.43
13.43
22.05

12.85
12.85
23.33

12.74
12.74
15.96

6.41
12.57
12.28

Data Sets
ADNOC Data + Yellig-Metcalfe
+ Psat estimation for other literature data
+ EOS-based MMP calculations

Model 1 was tuned to the smallest data set, but it is the most accurate for the
temperature range of interest. Therefore, model 1 was tested on all reservoir fluids in the
company database with a methane content of less than 50%. Figure 4-12 shows that the
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predicted MMP varied between 1500 and 4500 psia, reflecting differences in temperature
and reservoir fluid properties within the fluid portfolio. Model 1 was also used to map out
the lateral variation in CO2 within the same reservoir. Figure 4-13 indicates a variation in
MMP from 2500 to 4000 psia due to the lateral variation in the composition of the
reservoir fluid. This information is important when designing reservoir management
guidelines, as the pressure at the moving gas fronts should exceed the local MMP to
ensure the best possible microscopic sweep.
Table 4-3 compares the proposed new model and the most common correlations
for the three data sets mentioned earlier. Most of these correlations were developed based
on a smaller data set with less emphasis on high-temperature fluid systems. It is, therefore,
unsurprising that it was possible to generate a model which is more accurate for higher
temperatures; the addition of 17 new data points was helpful in that regard.

4.5 Conclusions

The main conclusions obtained from this chapter are as follows:
•

Although the slim tube experiment is an effective method in estimating MMP
experimentally, it is inadequate to conduct tests for all relevant fluid systems.

•

In general, it follows that the 17 experiments performed aimed at indicating the
ineffectiveness of the slim tube experiment to validate the contribution of the new
correlation method for CO2 MMP estimation. The significance of this model is
that it is effective in the design of reservoir management guidelines, given that the
17 data sets enable broader empirical generalizations.

•

A new correlation method for the determination of CO2 MMP can be developed
based on temperature, saturation pressure, and the number of volatiles and
intermediates:

•

The new correlation method of CO2 MMP estimation was performed on 17 slim
tube measurements at temperatures around 250 °F. A more accurate way of
predicting MMP was developed based on this data, allowing testing of relevant
fluid systems.

•

MMP attained a maximum value of around 320 °F for the fluids tested. This
conclusion was obtained after several EOS-based calculations were performed at
a temperatures ranging between 100 to 350 °F. This finding parallels the earlier
findings of Yuan et al. (2005).
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•

EOS can be used to predict MMP for the same reservoir fluid but at different
temperatures, covering a range from 100 to 350 °F.

•

The gradient of the graph of MMP against temperature is linear, indicating that
MMP versus temperature ought to follow a quadratic expression.

•

At lower temperatures, the MMP was found to increase linearly with temperature,
with a slope close to 15 psia/°F
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CHAPTER 5 THE EFFECT OF CO2-OIL IFT ON THE PERFORMANCE
OF GAS INJECTIONS IN A CARBONATE RESERVOIR
The injection of miscible/near-miscible gases as a displacing fluid is a commonly
used process among the various EOR methods. Nevertheless, despite the difficulties in
distinguishing between the actual conditions of miscibility (miscible, near miscible and
immiscible), there is substantial doubt surrounding the actual conditions of the
displacement process. Gas/oil IFT is regarded as one of the most critical fluid
characteristic properties in oil reservoirs affecting gas injection production. As IFT does
not appear in the flow equations directly, it is difficult for the current commercial
reservoir simulators to capture its effect. Very few experimental data are available in the
literature on displacement involving low IFT. However, those data that are available were
based on synthetic rather than crude oil. Hence, for better gas flood performance
predictions, reliable experimental data must be measured at different IFTs at different
levels under reservoir conditions.
In this part of the study, a series of two-phase CO2 gas/oil core flood experiments
was performed under reservoir conditions in a carbonate core. The objectives of this study
were, firstly, to investigate the performance of gas injections under different CO2 gas/oil
IFT levels, known as immiscible (5.75mN.m−1), intermediate miscible (0.12mN.m−1),
near miscible (0.043mN.m−1) and miscible. Knowledge of these effects is critical for the
accurate prediction of the performance of different types of gas injection. The second
objective was to utilise unsteady state core flood data at different IFTs to obtain a reliable
gas-relative permeability for CO2 gas flooding. The performance of miscible and nearmiscible CO2 gas in terms of oil recovery was investigated and compared. This study
addresses the problem of developing a new strategy for predicting reservoir performance
when applying continuous CO2 flooding.
5.1 Introduction
Over the last few decades, CO2 gas injection has proven to be one of the most
successful EOR methods. CO2 can be miscible with crude oil under certain conditions
through forming an interface and this significantly improves the displacement of oil.
However, it has been argued that first-contact miscibility during field operations is hardly
ever reached, even for miscible flooding (Skauge & Serbie, 2014). In reality, most CO2
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processes are in the ‘near miscibility’ regime, which includes complex multi-phase flows.
As pressure increases, CO2 becomes miscible with oil (multi-contact miscibility) and two
mechanisms become important to improve oil displacement: compositional effects (mass
transfer) and low-IFT effects. This means that the fluid miscibility will range from totally
miscible (gas/oil IFT = 0) to immiscible (high-IFT gas/oil value). Although CO2
injections have been successfully applied to these projects regardless of the miscibility
factors, current understanding of the actual underlying mechanisms involved in CO2
injections at different IFT levels ranging from ultra-low to high remains inadequate. A
large number of studies has been conducted on the impact of IFT on the two-phase gas
flood system and more information on the effect of IFT reduction on relative permeability
has been obtained. However, those studies utilised only synthetic oil and, therefore,
reliable experimental data under reservoir conditions are required to investigate the
feasibility of injecting CO2 under different displacement processes (immiscible, near
miscible and miscible).
5.1.1 The Mechanism of CO2 Gas Injection
For efficient field implementation, it is crucial to have a clear understanding of
the processes underlying CO2 EOR. Miscible CO2 injection is responsible for other
effects that improve oil recovery. The miscibility between CO2 and oil is not achieved by
the first contact but may be established through multiple contacts between gas injection
and resident crude oil (Stalkup & Yuan, 2005). Regardless of how CO2 flooding is
implemented and whether or not miscibility is achieved, oil recovery is aided by several
processes, including mixing and mass exchange between oil and CO2. These include four
main processes responsible for the recovery of CO2-enhanced oil: (1) viscosity reduction,
(2) swelling of the oil, (3), oil extraction and (4) solution gas drive. CO2 dissolution in
hydrocarbons of oil is high, which causes the oil to swell and consequently reduces its
viscosity. This is important, as the residual oil is inversely proportional to the swelling
factor, which means that the more CO2 causes the oil to swell, the more the oil remaining
in the reservoir is reduced (Mungan, 1981; Klins, 1984). Another beneficial consequence
of CO2 dissolution is decreasing the viscosity of oil, which can yield 10 times the order
of magnitude of the original oil. According to Miller and Jones (1981), the degree of
viscosity reduction is greater in heavier oil samples. Additionally, CO2 at a high pressure
extracts more light and intermediate components via vaporisation. The extraction of oil
by CO2 occurs when fresh CO2 gas is introduced into the reservoir and comes into contact
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with the fresh oil at the front of the displacement, leading to a vaporisation phase of
intermediates from oil into gas. This results in very low IFT and low residual oil saturation
(Holm & Josendal, 1974; Rathmell et al., 1971). As CO2 injection continues and increases
the pressure in the reservoir, the gas phase comes out of the solution and drives the oil to
the wellbore (Holm & Josendal, 1974). The value of each of these processes thus depends
on the reservoir pressure and temperature, as shown in Figure 5-1 (Klins, 1984).

Figure 5-1: The effect of reservoir pressure and temperature on different CO2 displacement processes
(Klins, 1984).

The figure demonstrates the dominant CO2 displacement characteristics falling
within three regions. In region 1, as CO2 is injected at low-pressure applications, two
main mechanisms contribute to EOR: swelling and viscosity reduction. This is due to the
solubility of CO2 in oil, even at low-pressure profiles. However, this displacement is
generally immiscible. When increasing the pressure above that of region 1 but
maintaining it below the MMP (region 2), CO2 extracts light and intermediate
components, resulting in greater oil recovery. This enriches both gas and liquid phases
but without achieving full miscible displacement. This causes a reduction in IFT close to
0 and results in low residual oil saturation. Above MMP, the miscibility of CO2 and crude
oil is achieved through a multi-contact process as the gas and liquid phases become a
single phase (region 3) (Klins, 1984).
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5.1.2 Near-Miscible Gas Injection
In recent decades, several laboratory and field tests have confirmed that nearmiscible flooding can achieve a similar level of oil recovery as a miscible injection
(Shyeh-Yung & Stadler, 1995). Theoretically, near-miscible gas injection applies to ultralow-IFT gas injection where gas and oil are not completely miscible (Henderson et al.,
1997; Parvazdavani et al., 2013; Sohrabi et al., 2008). Gas injection under such conditions
is slightly below MMP. Therefore, it requires a lower pressure than that for miscible
displacement to inject gas at a near-miscible level. Consequently, the compression costs
are less than that for miscible injection, making it more economically and operationally
attractive. Thomas et al. (1994) concluded that gas displacement at low IFT was
successful for most of the reservoir, while injection of gas at miscible case, where IFT is
zero, is unnecessary unless the rock is tight and wettability is oil wet. A series of vertical
gas/oil core flood displacements in a long core with low permeability was reported by
Soroush and Saisi (1999). Their results showed that over 70% of the oil could be produced
by injecting gas below the MMP. This was partially due to the thinning of the adsorbed
films, the shrinkage of pendular rings and the possibility that the displacement process
may begin in the wetting phase on the rock surface.
2-D simulation studies have shown that injectors with less enrichment than that
required for miscible displacement often yield optimum oil recovery, due to better
sweeping efficiencies in heterogeneous reservoirs (Burger et al., 1994). Other simulation
results have illustrated the feasibility of near-miscible gas injections for improved oil
recovery over miscible injections (Pande, 1992). The direct application of injecting highpressure gas below the MMP has led to the investigation of the potential to recover thick
oil columns in carbonate reservoirs with low permeability. Additionally, it has presented
a complete set of measured data to obtain reliable estimations of relative permeability to
predict the performance of different gas displacements. Considering the limited data in
the literature, there is currently insufficient data to examine the capability of
compositional and black oil simulators in predicting the performance of gas
displacements under these conditions.
5.1.3 The Effects of IFT on Recovery Mechanisms
The variation of gas/oil IFT during gas injection transition from immiscible to
miscible conditions has been investigated by many authors to understand the mechanism
67

involved in oil recovery at the pore-scale level. Several studies have been conducted in
these investigations using glass micromodels, due to their ability to visualise the
movement of the fluid’s interface that may occur in porous media. Williams and Dawe
(1988) and Gray and Dawe (1991) demonstrated the displacement mechanisms at a very
low IFT, using lutidine-water mixtures in a transparent model porous medium. They
observed that at low IFT (<0.1mN.m-1) the non-wetting phase does not continue but
flows as separate ganglia. As IFT decreases, these ganglia become thin filaments and
emerge as they travel through the pore way. Although the wetting phase was not
continuous, the ganglia could flow along the pore walls and bodies due to the viscous
drag of the non-wetting phase. The authors also suggested that at very low saturation for
both phases, the ganglia could still travel by forming tiny droplets (e.g. emulsion).
According to Hartman and Cullick (1994), high IFT behaves differently compared to low
IFT. They considered a typical high IFT to range between 10-30 mN.m−1 and a low IFT
to be less than 2 mN.m−1. They observed that with low IFT, slugs of both phases (oil and
gas) could flow simultaneously in the same pore ways. This mechanism results in very
effective recovery, with the wetting phase being the continuous phase and the non-wetting
phase discontinuous. With high IFT, the displacement is piston-like and reduces oil
recovery, as with immiscible displacement. Jamiolahmady et al. (2000) studied the nature
of flow in low-IFT gas and condensate phases using a mechanistic model. They
investigated the two dominant forces to capture the co-flow of oil and gas in the same
pore: the viscous and capillary forces. Their results show that as IFT approaches 0, the
coupled flow of both phases diminishes, whereas, at certain higher levels of IFT, the flow
behaviour gravitates towards immiscible displacement. The IFT threshold was found to
be 0.85mN.m−1; immiscible displacement does not occur at this level (Jamiolahmady et
al., 2006).
Sohrabi et al. (2008a, 2008b) used pre-equilibrated mixtures of methane (C1) and
n-decane (n-C10) in high-pressure micromodel experiments under low IFTs, close to
critical conditions. They found very successful processes in the recovery mechanism that
were, in essence, completely different from those observed in the gas injections that were
either absolutely miscible or immiscible. In miscible displacement, the coexisting phases
in the same pore did not exist but a single phase was formed. They reported that after the
CO2 breakthrough, some oil remained in the bypassed pores due to dispersion, therefore,
there was no simultaneous flow of both phases. For near-miscible displacement, they
achieved almost complete recovery, even though they had an early breakthrough. This
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corresponds to the crossflow of the remaining oil, either from oil wetting films at the gas
surface or oil spreading layers creating pathways behind the main gas front. This
phenomenon does not occur in miscible or immiscible displacement. In immiscible
injection, the bypassed oil after breakthrough will remain connected with the flow stream
through oil films; the recovery of these oil films is poor, particularly if there is no
gravitational force. This low recovery was attributed to the effect of the capillary pressure
between the gas and oil interface as the gas occupied the larger pores whereas the smaller
pore required a higher capillary force to displace the oil. Although the gas could travel
through smaller pores, it decelerated the crossflow of oil films behind the gas front. A
reliable estimation for field performance requires reliable data under reservoir conditions.
Designing unsteady core flood experiments under different IFTs can provide a full
understanding of these mechanisms regarding EOR and predicting reservoir performance.
5.2 Methodology
The process of designing the core flood experiment at different displacement
mechanisms (immiscible, intermediate and near-miscible) required a comprehensive
understanding of the fluid/fluid interactions. The new proposed design achieves nearmiscible displacement at ultra-low IFT using reservoir crude oil and gas. The first step in
the design was to identify the MMP, which provides the miscible pressure region. A slim
tube test was performed under reservoir conditions. Upon identifying the miscible region,
an area 20 psi below MMP was determined to be the critical area where near-miscible
performance could be achieved. The next step was to pre-equilibrate the CO2 and oil,
utilising the mixing cell test to ensure no mass transfer occurred. The equilibration was
made with different CO2 contents with oil to identify the breaking point at which the gas
phase was rich enough to not extract further components. Disabling mass transfer
between the gas and oil allowed the IFT at equilibrium to be defined at test conditions for
the core flood. Two pre-equilibrated fluids from the mixing cell test were chosen for
measuring IFT using a capillary rise tube. Finally, the fluid to be used for the core flood
experiment was reproduced under different IFTs. For immiscible displacement, the oil
was pre-equilibrated with methane to achieve high IFT displacement. For the miscible
test, multi-contact miscible displacement was chosen with test pressure above the MMP
(where mass transfer displacement is effective). Additionally, the core flood displacement
was tested in a vertical direction to ensure no gravitational effect. The following sections
discuss the design of the gas injections in further detail.
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5.2.1 Fluids and Physical Properties
In this study, a crude oil sample (A) was collected from an onshore oil reservoir
in Abu Dhabi. Table 5-1 shows the physical properties and data for crude oil A (a light
oil with an API of 41 and viscosity of 0.19). The reservoir conditions were considered to
be high pressure (4815 psi) and high temperature (133.3 °C). Table 5-2 shows the
composition of crude oil A. The oil was recombined with one gas component (methane)
based on the gas:oil ratio reported.
Table 5-1 Physical properties of crude oil A.

Reservoir conditions

Pressure (Psi)
Temperature (C)
Saturation pressure (Psi)
GOR (scf/day)
Oil density (g/cc) (reservoir conditions)
Oil viscosity (cp) (reservoir conditions)
API

Fluid properties

4815
133.3
4416
1351
0.577
0.192
41.0

Table 5-2: Composition of Crude oil A

Component

MW

Density

C1
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30+
Total

16.04
84
96
107
121
134
147
161
175
190
206
222
237
251
263
275
291
305
318
331
345
359
374
388
402
533.4

0.3
0.685
0.722
0.745
0.764
0.778
0.789
0.8
0.811
0.822
0.832
0.839
0.847
0.852
0.857
0.862
0.867
0.872
0.877
0.881
0.885
0.889
0.893
0.896
0.899
0.969

Flashed
Gas
Mole
100
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
100
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Flashed
Liquid
Mole %
0.00
4.48
7.27
10.34
9.92
8.97
6.72
5.46
5.17
4.70
4.15
3.38
3.02
2.77
2.57
2.38
2.03
1.73
1.55
1.37
1.26
1.17
1.06
0.97
0.87
6.68
100

Recombined
OIL
Mole %
66.93
2.47
2.75
3.36
3.13
2.82
2.11
1.72
1.63
1.48
1.31
1.07
0.94
0.87
0.80
0.75
0.64
0.54
0.49
0.43
0.39
0.36
0.33
0.30
0.28
2.10
100

5.2.1 Determination of MMP
Knowledge of MMP is important to distinguish between immiscible and miscible
displacement. A slim tube miscibility test was performed using an oil sample from an
Abu Dhabi carbonated oil reservoir. The experiment was conducted at reservoir
conditions for pure CO2 in a live oil system to establish a baseline for miscibility pressure.
Five different displacement pressures were applied to identify the MMP. The cumulative
oil recovery after the injection of 1.2 PV of CO2 was plotted versus pressure (Figure 52). The pressure at which the two trend lines meet corresponds to the MMP. The blue
points in Figure 4 represent an immiscible displacement, but where the slope changes, the
displacement becomes miscible. As shown in Figure 2, the MMP for this system was
estimated to be 4260 psig. As a result of the MMP measurement, the near-miscible area
was determined to be 4240 psig.

CUMMULATIVE OIL RECOVERY @ 1.2 PV (%)

100

95

Interpolated
MMP= 4260

90

85

80

75
3600

3800
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4200
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4600

4800

5000

PRESSURE (PSIG)

Figure 5-2: Cumulative oil recovery at 1.2 PV of injected CO2 versus pressure (crude oil A).

5.2.2 Pre-Equilibrated Fluid at Different IFTs
To investigate the variation of IFT reservoir performance, the fluids were preequilibrated with injected gas using a mixing cell setup to avoid mass transfer. Using this
setup allowed a quantitative study of the interaction of the injected gas and live oil as a
result of different volumes of injected gas. This information enabled the amount of gas
required to be pre-saturated for both phases of gas and oil to be identified and thus
minimise mass transfer. In designing high-IFT immiscible displacement, the crude oil
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was saturated with methane and the live oil was then pre-equilibrated with methane gas.
The pre-equilibrated methane gas was then separated and used as an injected gas to ensure
no further mass transfer occurred and achieve high IFT between the gas and oil. In
designing low-IFT, near-miscible conditions, the test was performed at 4240 psig below
the MMP measurement, to ensure the existence of the two-phase equilibrium liquid and
vapour. To determine the optimum amount for the oil phase enriched with CO2, eight
different levels of CO2 content were pre-saturated with the live oil (crude oil A), as shown
in Figure 5-3a. The data indicates that as the CO2 content increased, the ratio of CO2 and
oil increased until reaching a maximum enrichment for both phases. The breakover, as
shown in Figure 5-3a (0.75 CO2:oil ratio) was found to be the optimum ratio whereby
neither phase extracted further intermediate components. While increasing the CO2
content caused the extraction of further components, enriching the gas phase and resulting
in a lower formation volume factor (BO). Therefore, two candidates were tested for IFT
measurement. at 0.75 and 0.8 CO2:oil ratio. The maximum condensate content of the gas
phase was approximately 0.1 oil/CO2 (Figure 5-3b). However, a 0.2 oil/CO2 gas phase
ratio was chosen for all pre-equilibrated oil experiments to ensure that the CO2 gas phase
was sufficiently rich in hydrocarbon components. Moreover, the pre-equilibrated 0.75
and 0.8 units of CO2 and oil with the gas phase were chosen for IFT measurement. The
result of capillary rise tube test was 0.12 (mN.m-1) for 0.8 CO2/oil and 0.043 (mN.m-1) at 0.75
CO2/oil ratio. In contrast, the result of preequilibrated methane and oil for immiscible
displacement was 5.75 (mN.m-1)
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Figure 5-3 (a & b): Pre-equilibrated oil at different CO2 contents and pre-equilibrated CO2 condensate
content at different oil ratios. Volume *****Pressure and Temperature

5.3 Unsteady State Two-Phase Gas/Oil Core Flood Experiments Under Different
IFTs
Four core flood experiments were performed at four different gas/oil IFT levels:
miscible, near miscible (0.043mN.m−1), intermediate (0.12 mN.m−1) and immiscible
(5.7 m.N.m−1), to investigate the underlying mechanism observed in micromodels and
the prediction of gas injection performance at different stages of reservoir life. The core
floods were conducted in the same 16 mD mixed-wet carbonate core under reservoir
conditions. Thus, after establishing the immobile water saturation (swim = 10%) with
heavy mineral oil and connate water, the ageing process was begun by injecting 1 PV of
dead oil per week until four PV of oil had been injected. Finally, the core was completely
saturated with pre-equilibrated oil in the presence of in-situ water saturation (at 10%).
The core flood orientation was kept vertical, injecting gas from the top to minimise the
effect of gravity. To determine gas/oil-relative permeability curves applicable to this type
of displacement. The displacement rate for all core flood tests was equivalent to 1 ft per
day in reservoir units. Table 5-3 lists all four core flood experiments conducted in this
study.
Table 5-3: A summary of the core flood experiments conducted at four gas/oil IFT levels.

Exp.No. Core flood experiment
1
2
3
4

Core fluids

Gas/oil IFT

Displacement

Live oil

(mN.m-1)

pressure (psig)

Pre-equilibrated C1 gas

Pre-saturated

injection

methane

Pre-equilibrated CO2

Pre-equilibrated

gas injection

CO2

Pre-equilibrated CO2

Pre-equilibrated

gas injection

CO2

Pure CO2

Live oil
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5.75

4800

0.12

4240

0.043

4240

--

4800

5.3.1 Pre-Equilibrated Methane at Immiscible Displacement: IFT Test:5.7 (mN.m-1)
To examine the effect of high-IFT core flood displacement, the equilibrated C1
gas was injected through the core at a constant rate. The experiment was conducted at
reservoir temperature 133° C and pressure 4800 psig. The pre-equilibration of oil and gas
eliminated the effect of variations in the gas solubility and swelling and variations in
miscibility along the core. Consequently, the oil recovery performance presented in this
chapter is attributed to the displacement effect on a porous scale. During the experiment,
fluid production (oil and gas), injected volumes and the pressure at the core inlet and
outlet were accurately monitored and measured. Figure 4 shows the oil recovery and
pressure drop across the core versus the PV of injected gas during this immiscible gas
injection experiment. As shown in Figure 5-4a, the oil production was equivalent to the
gas injected prior to the breakthrough which showed direct displacement of both phases
of oil and gas. An early breakthrough was observed at approximately 0.37 PV of gas
injected. which was due to a large contrast in viscosity between the displacing fluid
(methane) and the crude oil and to the heterogeneity of the carbonated core. The low
performance of the methane gas in displacing the oil was due to the difference in viscosity
of the gas and oil phases and the effect of high IFT. The gas phase resisted entering the
smaller pores, as the capillary interface of gas and oil was large. This resulted in very
poor sweep efficiency; approximately 37% of oil recovery was observed at breakthrough.
As gas injection continued, additional oil recovery after breakthrough was approximately
15% which was attributed to gravity drainage, whereas, Δ𝑝𝑝 across the core dropped after
the initial rise, due to the reduction in oil saturation and then remained constant, as there
was no further oil production (Figure 5-4b). A total of 3.5 PV was injected prior to multirate displacement. The bump rate after the test is important to remove any capillary end
effect or increase in oil saturation for a better estimation of the relative permeability.
Injection was continued at four different rates for about 1.5 PV. The oil production
increased by 7% and reached total recovery (approximately 59%) (Figure 4a). Thus,
production came from the end of the core and did not invade new pores, as the gas phase
already occupied the larger pores and had connected to the core’s outlet. Although, Δ𝑝𝑝
shows a consistent increase at different rates, corresponding to higher capillary forces and
increases in oil saturation, the rate dropped back after the bump, and continued for 0.5
PV to ensure that the remaining oil was immobile (Figure 5-4c).
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Figure 5-4: (a) Oil recovery by equilibrated methane gas injection vs PV (b) Differential pressure across
the core vs PV of gas injected (c) Differential pressure at different rates (bump flood) vs PV.
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5.3.2 Pre- Equilibrated CO2 at Near-Miscible Displacement: IFT TEST: 0.12
mN.m−1
The objective of this experiment was to investigate the performance of gas in lowIFT displacement. The core was pre-saturated with pre-equilibrated oil at a ratio of 0.8
units of CO2 to oil in the presence of in-situ water saturation (10%). The pre-equilibrated
CO2 gas was injected slightly below MMP, at 4240 psig, to ensure near-miscible
conditions. Figure 5-5 represents the result of the oil recovery and pressure drop from an
unsteady state test in a low-IFT system. As illustrated in Figure 5-5a, as the gas advanced
towards the core, the oil in the larger pores was displaced by the gas since the larger pores
had higher conductivity compared to the smaller pores and, therefore, approximately 64%
of the oil was recovered prior to gas breakthrough from direct displacement. At the time
of breakthrough, the gas was in the body of the larger pores. whereas the smaller pores
were left largely untouched, causing high levels of oil saturation. However, after the gas
breakthrough, because of the low IFT between the gas and oil and the low capillary force,
the gas began entering the smaller pores and displacing the oil phase. This mechanism
created crossflow between the gas and oil behind the gas front; this was also observed by
micromodel experiments conducted by Sohrabi (2008). Therefore, oil production
continued at a significant rate after the gas breakthrough, allowing for an additional 27.5%
of oil recovery (Figure 5-5a). The equilibrated CO2 gas injection was continued for
approximately 3.5 PV until a plateau of 92% oil recovery was reached. The Δ𝑝𝑝 recorded
was very low, with a peak of 0.6 psig, which decreased until breakthrough and then
remained constant throughout the displacement. The low Δ𝑝𝑝 profile was a result of lowIFT displacement and the low viscosity of the CO2 equilibrated gases (Figure 5-5b). It
should also be noted that since the fluids were equilibrated, there was no vaporisation or
condensing drive mechanism, which usually contributes to increasing Δ𝑝𝑝. These low Δ𝑝𝑝
values across the core with near-miscible gas injected were reported previously by Bardon
and Longeron (1980) and Hartman and Cullick (1994). Once again, two different rates of
bump flood were injected for 1 PV which brought an additional 3% of oil recovery. The
Δ𝑝𝑝 values corresponding to the bump rates are shown in Figure 5-5c. Finally, the rate
dropped back to the initial test rate and injection was continued for 1 PV to ensure no
further oil was produced.

76

100

a

Oil Recovery (IOIP)%

90
80
70
60
50
40
30
20
10
0

0.00

1.00

2.00

3.00

PV

4.00

5.00

Differential Pressure (Psig)

0.70

b

0.60
0.50
0.40
0.30
0.20
0.10
0.00

Differential Pressure (Psig)

6.00

5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

0.00

1.00

2.00

3.00

PV

4.00

5.00

6.00

c

0.00

1.00

2.00

3.00

PV

4.00

5.00

6.00

Figure 5-5: (a) Oil recovery by equilibrated CO2 gas injection vs PV (b) Differential pressure across the
core vs PV of gas injected (c) Differential pressure at different rates (bump flood) vs PV.
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To understand the changes in composition during the core flood experiment, oil
samples were collected during the experiments and analysed using GC. The objective of
this analysis was to evaluate the ability of the equilibrated gas phase to extract further
components from oil during the low-IFT test. The composition of each oil sample was
categorised into either light (C6 and C7), intermediate (C8-C30) or heavier components
(C30-C44) to enhance understanding of the changes in phase behaviour. As shown in
Figure 5-6, the first two samples represent the oil production prior to the breakthrough,
which shows no changes in oil composition. After the gas breakthrough, there were slight
changes in oil composition, mostly from C8-C11 components observed in samples 3 to
5. Lighter and heavier components were almost the same during the test. The calculated
molecular weight and density of the oil are illustrated in Figure 5-7. There was a slight
decrease in the molecular weight of samples 3 to 5; a lighter oil than the initial oil had
been produced. Therefore, at this IFT, the interface between the gas and oil accessed the
smaller pores and produced lighter oil from the wetting oil surface. However, the
calculated density of oil for all samples was comparable, as there were no significant
differences. Therefore, there is no significant evidence that further extraction of heavier
components occurred during this low-IFT test.
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Figure 5-6: A compositional analysis of the collected oil during the low-IFT core flood experiment.

78

165

0.82

160

0.81
0.8

150

Oil density

Molecular weight

155

145
140
135

0.79
0.78
0.77

130

0.76

125
120

0.75

Figure 5-7: (a) The calculated molecular weight of the produced oil samples (b) The calculated density of
the produced oil samples during the low-IFT core flood test.

5.3.3 Pre-Equilibrated CO2 at Near-Miscible Displacement: IFT Test: 0.043 mN.m−1
Another unsteady state core flood experiment was performed with ultra-low IFT
(0.034 mN.m−1) to investigate the performance under various IFT levels. The test
conditions were similar to those in the previous equilibrated CO2 gas injection test, with
the only difference being that the crude oil was pre-equilibrated with 0.75 units of CO2 to
oil. As discussed previously, this ratio was found to be the optimum ratio to maximise
both gas and oil phases under a test pressure of 4240 psig and with IFT of 0.034 (0.034
mN.m−1). The results for oil recovery and differential pressure are illustrated in Figure
5-8. The breakthrough of equilibrated CO2 was approximately 0.6 PV, with 68% oil
recovery. After breakthrough, oil production continued for approximately 3 PV, which
contributed to an additional 28% of the original oil being recovered. This was attributed
to the same mechanism discussed above, in 5.3.2, under near-miscible conditions.
Although the Δ𝑝𝑝 was low during the test, as shown in Figure 5-8b, bump flood
displacement at two different rates was performed after 3.5 PV was injected, to remove
any capillary end effect. An additional 1% of the oil was obtained from the bump flood.
Multiple increases in Δ𝑝𝑝 at different rates were observed during the bump, as shown in
Figure 5-8b. Finally, the rate dropped back to the initial rate and injection was continued
for a further 0.5 PV to ensure no further oil was produced.
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Figure 5-8: (a) Oil recovery by equilibrated CO2 gas injection vs PV (b) Differential pressure across the
core vs PV of gas injected.

The oil produced during the test was collected for compositional analysis using GC.
The samples were collected in different stages to investigate the compositional changes
during ultra-low IFT and whether heavier oil components were extracted by the equilibrated
CO2. The results of the compositional analysis are shown in Figure 5-9. The first two samples
of oil showed no changes in composition, contributing to the oil bank in front of the injected
gas prior to the breakthrough. After breakthrough (sample 3), there was a slight increase in
the produced oil, which mainly included components C8 to C15, whereas lighter (C7 and
C8) and heavier components remained the same. However, as injection continued with ultralow IFT, the proportion of lighter components decreased from approximately 12% to 3%,
while an increase in intermediate and heavier components was produced from the core, as
indicated by sample 4. This result shows the ability of injected gas with very low IFT to
extract further intermediate and heavier components from the oil. The calculated molecular
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weight and density of the produced oil are plotted in Figure 5-10. The first two samples show
similar values, whereas, with sample 3, a lighter oil had been produced due to the gas
breakthrough. However, in sample 4, higher molecular weight and density values were
observed. This is attributed to the further extraction of lighter and heavier components which
occurred as the equilibrated gas came into contact with the oil. Under these critical
conditions, the gas either contacted any oil occupying smaller pores or bypassed the oil and
eventually eliminated it.
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Figure 5-9: A compositional analysis of the collected oil during an ultra-low-IFT core flood experiment.
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Figure 5-9: (a) The calculated molecular weight of the produced oil samples (b) The calculated density of
the produced oil samples during an ultra-low-IFT (0.034 mN.m−1) core flood test.
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5.3.4 Miscible CO2 Gas Displacement
The objective of achieving miscible CO2 displacement was to have a baseline for
comparison and evaluation of the multi-contact miscible (MCM) gas mechanism in
recovery performance. The experiments followed the same core preparations as described
earlier. The test pressure was 4800 psig above the measured MMP, which was 4260 psig.
The results from the core flood are plotted in Figure 5-10. During the continuous CO2
injection more than 90% of the oil was recovered prior to the breakthrough, following
injection of 0.9 PV of CO2. This is attributed to the mass transfer mechanism between the
CO2 and oil which occurred via either a condensing or a vaporising gas drive. When the
fresh CO2 gas came into contact with the fresh oil at the front of displacement there was
a vaporisation phase of the intermediates from oil into gas. Through multiple contacts,
the gas became sufficiently enriched to develop miscibility with the fresh reservoir oil.
This mechanism caused a reduction in surface tension between the gas and oil to almost
0 and viscosity, which led to swelling of the oil. After the breakthrough, CO2 injection
recovered almost 97% of the oil at 1.2 PV and, overall, 3.5 PV of CO2 was injected,
achieving an ultimate oil recovery of 99%.
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Figure 5-10: Oil recovery by miscible CO2 gas injection and differential pressure across the core vs PV
of gas injected.
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5.4 A Comparison and Discussion of the Experimental Results
The effect of injection under different CO2 gas/oil IFT levels (known as
immiscible (mN.m−1), intermediate miscible (mN.m−1), near miscible (mN.m−1) and
miscible) on oil recovery and periodic pressure drop was investigated. This was done by
comparing oil recovery percentages and their differential pressures, as shown in Figures
5-11and 5-12. The gap in oil recovery between the gas/oil IFT values of 5 mN.m−1 and
0.1mN.m−1 is much wider than those between 0.1 mN.m−1, 0.034 mN.m−1 and completely
miscible (Figure 5-11). The recovery at breakthrough increased as gas/oil IFT decreased
as a result of the lower capillary pressure at the gas/oil interface; this caused less
resistance for the gas to enter the bypassed oil. With high IFT, very low ultimate oil
recovery was achieved (approximately 59%) compared to recovery with low IFT (95%),
ultra-low IFT (98%) and miscible conditions (99%). Although the ultimate oil recovery
in near-miscible conditions (0.1 mN.m−1and 0.034 mN.m−1) was close to that of miscible
gas displacement, it was not instantaneous, as most of the oil was recovered after 5 PV of
gas had been injected. The Δ𝑝𝑝 response shows higher values in the high-IFT gas
displacement compared to the near/miscible gas displacements, due to the large viscosity
contrast (Figure 5-12).
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Figure 5-11: A comparison of oil recovery by different IFT displacements vs PV of gas injected.
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Figure 5-12: A comparison of differential pressure by different IFT displacements vs PV of gas injected.

Furthermore, a comparison of sweep efficiency in incremental oil recovery at
various IFTs is plotted in Figure 5-13. As expected, a very low sweep efficiency, of
approximately 35%, was achieved with high IFT (immiscible displacement) compared to
that with near and miscible conditions, where the efficiency of oil recovery was attributed
to gravity drainage. Since the core was vertically oriented, the bypassed oil maintained
its connectivity with the main flow streams through oil wetting films. This additional oil
recovery was also observed by Soroush and Saisi (1999) when they performed immiscible
gas/oil displacements in vertical and horizontal directions and recovered more oil with
the vertical direction displacement due to the film flow. In near-miscible conditions (0.1
mN.m−1and 0.034 mN.m−1), the sweep efficiency reached 90% after 3 PV, recovering any
bypassed oil that remained after bulk displacement. This is attributed to the low gas-oil
IFT, which a result of capillary forced are no longer dominant; therefore, the resistance
of the gas to enter the bypassed oil in the smaller pores was high. Overcoming the
capillary barrier created an effective driving force that dragged oil into the main flow
stream. Hence, the oil coupled with the flow of gas. The coupling of the flow of gas and
oil filaments in the pores behind the gas front has been shown to provide high
displacement efficiency (see Williams & Dawe, 1988; Sohrabi et al., 2008). It has also
been stated that this mechanism does not occur in miscible or immiscible displacement.

84

1.00

Sweep Efficiency (fraction)

0.90
0.80
0.70

Near-Miscible CO2 Flood IFT=0.12 mN.m-1

0.60

Near-Miscible CO2 Flood IFT=0.043mN.m-1
Miscible CO2 Flood-=Pure CO2

0.50

Immiscible Methane Flood IFT=5.75 mN.m-1

0.40
0.30
0.20
0.10
0.00

0.00

1.00

2.00

3.00

4.00

5.00

6.00

Pore Volume

Figure 5-13: A comparison of the sweep efficiency of incremental oil recovery by different IFT
displacements vs PV of gas injected.

The efficiency with low and ultra-low IFTs shows that the coupling of oil and gas
filaments caused oil to be recovered more rapidly as the IFT of gas/oil decreased, although
they may ultimately achieve the same amount of oil recovery. The efficiency of the
miscible gas flood reached 90%, similar to near-miscible conditions but with a sharp
increase in oil recovery. Since miscible gas has no interface between gas and oil, as the
gas came into contact with the oil, it formed a single phase. This incremental oil recovery
achieved in miscible conditions was from bypassed oil, which may happen due to
dispersion or/and diffusion. Overall, the efficiency of oil recovery for gas injections with
near-miscible gas/oil (0.034mN.m) IFT outperformed that of low gas/oil IFT (0.08mN.m)
which, in turn, performed better than that of immiscible gas/oil IFT.
5.5 Conclusion
A new design of gas/oil core floods was employed to achieve a real representation of
near miscible gas/oil performance under reservoir condition. This result is unique in
enabling the real miscible displacement occurring in a reservoir to be predicted. The phase
behaviour was considered the most fundamental element in designing different gas/oil
IFT experiments. It is important to note that the effect of CO2 on the performance of gas
injection was investigated on four primary levels, which were, immiscible (5.7mN.m-1),
intermediate miscible (0.12mN.m-1), near miscible (0.043mN.m-1), and miscible. The
conclusions obtained from the main results of the study are as follows:
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•

The difference in oil recovery for IFT values between 5.7 mN.m-1 and 0.12
mN.m-1 is larger than that for IFT values between 0.1mN.m-1, 0.034mN.m-1,
and completely miscible.

•

Recovery at the breakthrough point increases when the gas/oil IFT value
decreases. This is due to the reduced capillary pressure at the gas/oil interface,
which leads to less resistance for the gas to enter bypassed oil.

•

In the near miscible condition and using IFT values between 0.1 mN.m-1 and
0.034mN.m-1, the ultimate oil recovery was found to be close to miscible gas
displacement.

•

The results also validated the earlier hypothesis in that very low sweep efficiency,
ranging at approximately 35%, was achieved with high gas/oil IFT values.

•

In the near miscible condition, a high sweep efficiency, reaching 90% at 3PV, can
be achieved using gas/oil IFT values between 0.12 mN.m-1 and 0.043 mN.m-1.
In this case, capillary forces are no longer dominant, and therefore, the resistance
of the gas to enter bypassed oil is high.

•

The overall results indicate that oil recovery efficiency for gas injections with near
miscible conditions (0.043mN.m) outperformed the efficiency at low gas/oil IFT
(0.12mN.m). This efficiency in near miscible conditions was comparable to that
of miscible displacement, which agreed with the findings of several authors
mentioned above.
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CHAPTER 6 IMPROVEMENTS IN MODELLING MISCIBLE/NEARMISCIBLE PROCESSES IN GAS INJECTION USING AN EXTENDED
BLACK OIL SIMULATOR

6.1 Introduction
Reliable relative permeability curves of oil/gas systems are important for the
successful simulation and modelling of gas injection, especially when the miscibility
condition approaches. The changes in gas and oil relative permeabilities as miscibility is
approached are of particular importance in multi-contact miscible displacements. These
permeability changes are a function of the detailed phase behaviour of the fluids, their
physical properties and the properties of the porous medium itself. By approaching
miscible conditions, these changes can be introduced in relative permeability curves in
multi-contact miscible displacement (Al-Wahaibi et al., 2005, 2006). These changes are
considered as corresponding with the variation of IFT from immiscible to miscible
displacement.
To provide representative relative permeability, kr, there are two approaches to
measure relative permeabilities: steady- and unsteady-state methods. In a steady-state
method for a two-phase system, the core is initially saturated with one fluid (e.g. water)
and a specific ratio of the same fluid (water) with another fluid (e.g. oil) is injected into
the core. The injection continues until the production rate for each fluid is the same as its
injection rate and the pressure drop across the core is stabilised. Each experiment run
gives only one kr point. To obtain more kr points, the experiment is run for several
different ratios of injection fluids. Using a steady-state method, it is possible to calculate
kr directly from Darcy’s law for a wide saturation range, but it is very time-consuming.
In the unsteady-state method or ‘displacement experiment’ for a two-phase system, the
core is initially saturated with one fluid (e.g. oil). Then, another fluid (e.g. water) is
injected into the core to displace the first fluid at a specific rate. The injection is continued
until residual saturation of the displaced fluid is achieved. The unsteady-state method is
less time consuming than the steady-state method but the saturation range for kr is limited
and the calculation is more complicated.
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The most common methods to calculate kr from production and pressure data
obtained from the two-phase unsteady-state experiments are analytical, semi-analytical
and history-matching methods, which can be used to determine two-phase relative
permeability from unsteady-state displacement experiments (Hussain & Cinar, 2010).
However, analytical methods and semi-analytical methods have failed to represent
relative permeability in miscible flooding due to their neglect of capillary pressure effects
and vaporising mechanisms (Gu & Oliver, 2005). History-matching methods iterate the
laboratory core flooding pressure and production data by changing the relative
permeability values. Unlike analytical and semi-analytical methods, defects may be easily
removed. This possibility encouraged this study to use this history-matching modelling
technique to calculate CO2 flooding relative permeability curves under near-miscible and
miscible conditions (Watson et al., 1984; Reynolds et al., 2004; Eydinovet al., 2007).
Unfortunately, most of the recent relative permeability data under miscible or
near-miscible conditions cannot be used directly in commercially available compositional
simulators, due to the uncertainty of measurement and lack of proper formulation
(Prieditis & Brugman, 1993; Driaet al., 1993). There is no proper way of measuring
CO2/oil relative permeability curves under miscible conditions, due to the slow
development of dynamic miscibility. Moreover, most current relative permeability curves
were obtained in conventional core segments, which can hardly simulate real miscible
flooding processes (Shtepani, 2007; Prieditis & Brugman, 1993; Ren et al., 2011).
Therefore, reliable experimental data must be measured at different IFTs and different
levels under reservoir conditions for better predictions of the performance of gas floods.
This chapter first discusses the effect of different gas/oil IFT values (0.043, 0.12
and 5.75 mN.m1) on two-phase gas relative permeabilities, utilising the result of
unsteady-state experiments reported in Chapter 5. The frequently used Coats IFT scaling
method is then evaluated against the two-phase experimental data. Finally, the use of
near-miscible relative permeability to predict miscible gas performance is assessed. The
objective of this study was to investigate the effectiveness of numerical solution
techniques on the modelling of oil recovery by CO2 flooding and compare extended black
oil and compositional simulators to examine the capabilities of these simulators. To do
that, this study considers the performance of near-miscible gas injections compared with
miscible core flood displacement.
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6.1.1 The Impacts of IFT on Relative Permeability in Two-Phase Systems
Both field and laboratory experiments have documented the observation of IFT
oil variation in procedures of gas injection from an immiscible to a miscible state.
Different researchers have examined the probable impact of IFT variation on kr.
Generally, despite contradictory findings among experts, all are in agreement regarding
the increase of kr after IFT reduction. Typically, evidence shows that kr surges as IFT
declines and becomes closer to 0, observing the lower effect of hysteresis and a decline
in curvature. Additionally, a significant number of research outcomes have identified a
crucial IFT value. Above this particular value, there is no noteworthy impact on relative
permeabilities from variations in IFT, despite the observation of notable changes in
relative permeabilities when below the critical IFT value. The graphs below summarise
the findings presented in the literature review.
Researchers such as Bardon and Longeron (1980) conducted various gas injection
(core flood) trials on a core of Fontainebleau Sandstone while utilising a double blend of
C1-nC10 and C1-nC7 pure hydrocarbons. They enhanced the control of IFT by changing
the mixture’s equilibrium pressure. A crucial IFT figure of 0.04 mNm−1 was established
for an IFT range between 0.001 and 12.6 mNm−1. They documented that the IFT figures
exceeding the crucial IFT value recorded just one gas relative permeability (krg) curve.
However, different oil relative permeability (kro) curves were observed with IFT decline
and increasing kro (Figure 6-1). Notable variations in the curve shapes of krg and kro
were observed in IFT values below the crucial IFT. The difference can be noted in the
curvature of both krg and kro, which show straight lines with the decline of IFT, such that
with decreasing IFT values, both krg and kro surge.
Similarly, gas injection experiments were undertaken by Harbert (1983) on
reservoir and outcrop rock samples using brine, oil and alcohol liquid systems to examine
the impacts of reduced IFT on water and oil relative permeabilities. The outcomes of the
experiments revealed a significant impact on the kr non-wetting stage in the reduction of
IFT compared to the kr wetting stage. In further work, several steady-state water/oil-fired
Beria Sandstone experiments were conducted by Fulcher (1985) to evaluate if either the
capillary number or the components contributed to shifts in two-phase relative
permeabilities. An IFT 2 mNm−1 fundamental value for water/oil was introduced. Their
observations revealed that water and oil relative permeabilities surged as IFT declined,
while the shapes of the curve appeared straighter, with notably reduced levels of IFT.
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Additionally, as the IFT value declined, a more substantial non-wetting oil kr surge was
noted compared to the wetting water kr.

Figure 6-1: Oil and gas relative permeabilities for IFT values greater than 0.04 mNm-1 (after Bardon and
Longeron (1980)).

A study conducted in 1880 by Bardon and Longeron was repeated in 1988 by Asar
and Handy using a relatively contracted IFT range of between 0.03 and 0.82 mNm−1.
These researchers used a mixture of propane and methane, representing a system of gascondensate, and implemented a core flood experiment in steady-state to quantify kr curves
for gas and oil. The conclusion was that kr curves for gas and oil became straight while
a decline towards 0 for residual oil saturation was documented as IFT neared nil. During
the experiments, near the liquid crucial value, krg and kro curve shapes indicated
deviations from high-IFT curvature. As IFT declined, kro tended to increase more swiftly
in comparison to the increase in krg.
For the investigation of the IFT impact on kr, McDougall et al. (1997) introduced
an unsteady-state pore-scale simulator. The simulator was applied in interpreting the
outcomes of various experiments of core floods completed in past experiments for IFT
CO2 gas/oil range between .019 and 9.76 mNm−1. The conclusion was that with the
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decline of IFT, the wetting oil stage kr curve was not affected but the non-wetting gasphase kr curve surged considerably.
In a further study, Henderson et al. (1997) examined how kr is impacted by IFT
and the impact of flow rate in a gas condensate system under high pressure, using
extended sandstone cores. The applied IFT range for the experiment was between 0.05
and 0.4 mNm−1. The observation revealed higher sensitivity to IFT changes for the nonwetting gas kr than for the wetting condensate kr. Additionally, the impact of flow rate
and IFT on oil and gas kr was investigated in a study by Chen et al. (1999). Core flood
experimentations were performed in reservoir conditions using fluid and rock samples
obtained from two distant gas condensate pools in the North Sea. They compared notable
kro changes with the reduction of IFT to krg changes.
The curves of methanol and n-hexane binary fluid systems close to critical
conditions were plotted for two-phase kr by Blom et al. (2000). The liquid systems
exhibited a critical value at ambient conditions, which could represent a close to critical
volatile/gas and oil or condensate/gas system. They concluded that the existence of
significant kr was dependent on superficial velocities and IFT. The experiment revealed
that the decrease in IFT significantly impacted the non-wetting kr point while the wetting
kr point remained unchanged until IFT had declined to less than 0.06 mNm−1.
Shen et al. experimented with various steady-state two-phase flow trials to
quantify water/oil kr with an IFT range between 0.01 and 34 mNm−1. They found a
critical IFT value for water/oil, which was 3 mNm−1. Above the critical level, nonsignificant IFT impacts on kr were recorded, while the kr for water and oil surged
significantly when IFT declined below the critical point. The experiment confirmed the
considerable effects of IFT changes on the wetting water kr point compared to the nonwetting oil kr point (Figure 6-2).
Unsteady-state displacement experiments on a carbonate core using the sample of
a binary gas condensate liquid close to critical conditions were conducted by Calisgan et
al. (2006). Their findings revealed that krg depended significantly on superficial velocity
and IFT. particularly in the presence of motionless water. In the same year, Al-Wahaibi
et al. examined two-phase kr behaviour close to miscible conditions by performing
unsteady state displacement under a two-dimensional bead-pack. Their results revealed a
surge of kr with IFT decline in a range between 24.2 and 0.03 mNm−1. Moreover, the kr
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non-wetting point experienced a more rapid surge compared to the kr wetting point and
it was also revealed that hysteresis was only minimally impacted by IFT decline.

Figure 6-2: Oil and water relative permeabilities for different IFT values (after Shen et al. (2006)).

Despite the documentation of significant two-phase kr changes with the IFT
variations, a few studies, including , including that by Delclaud et al. (1987), did not
report notable variations. Nevertheless, the findings in the literature generally indicate an
increase in kr in both wetting and non-wetting points with IFT changes, although these
increases do not necessarily occur uniformly. In summary, the literature states that as the
system moves from immiscible to miscible conditions, the curvature declines, minimal
hysteresis impact is observed and kr surges.
6.1.2 IFT Scaling Approaches
In 1980, Coats suggested an experimental kr approach for managing IFT variations that
did not directly align with existing theories or investigation results. However, the
research was related to the common perspective that krg and kro must rise as and the
relative permeability vs saturation curves become straight lines as IFT reduces. This
view assumes that all miscible liquids, such as water and alcohol, unlike in a porous
medium. The research was designed to reveal the oil/gas impact on three- and two92

phase residual oil and the expected behaviour of relative permeability saturation for kr
curves after IFT reduction. For example, when moving from immiscible to miscible
conditions, which generally involves IFT reduction, the residual oil saturation nears nil
while the kr curvature declines.
.Further evaluations on kr behaviour close to miscible conditions in gas injection
processes, together with near- critical conditions for the gas condensate pools, have
revealed that the flow function should depend on the viscous and capillary forces ratio
capillary number (Nc) on the pore scale. As such, various experts have targeted the
modification of Coats’ equations through the inclusion of capillary numbers in the
equation’s weighting/premium function, miscible conditions, kr and residual saturation.
These inclusions have increased the required number of parameters.
In further work, kr dimensions for the determination of two-phase kr dependency
on the capillary number and its components were determined by Fulcher et al. (1985),
who devised a kr approach aligned with the outcome of basic experiments. Typically, the
approach is a Corey model with capillary number coefficients requiring seven factors to
forecast the Corey coefficient and residual saturation. Other authors have attempted to
include capillary numbers to predict Corey coefficients in various ways, where fewer
coefficients are required.
In a later study, Blom and Hagoort (1998) examined and appraised 15 different
approaches suggested for including capillary number in kr functions for gas condensate.
They classified the Corey functions into two groups: those that had Nc-dependent
numbers and those that used interpolation functions between miscible and immiscible kr
and an Nc-dependent factor. They noted that non-linear Corey functions were mentioned
but could not efficiently represent the kr convex-concave shapes. These limitations were
the primary disadvantages for Corey functions compared to Coat-type interpolation
functions. Blom and Hagoort (1998) concluded that weighting factors developed by Coats
were among the most effective elements in these approaches.
Coats’ (1980) approach has been regularly used in various commercial reservoir
simulators, such as CMG and Eclipse, to scale IFT, aimed at recreation of composition
The method demands fewer parameters compared to other approaches; thus, it is used in
more operational simulators. The suggested Coats formula for gas and oil relative
permeabilities is as follows:
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𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑘𝑘𝑟𝑟𝑟𝑟 = f(σ)𝑘𝑘𝑟𝑟𝑟𝑟
+ [1−f(σ)]𝑘𝑘𝑟𝑟𝑟𝑟
, i = oil, gas ,

Eq. 6-1

where

𝑓𝑓(σ) =

and

1

σ 𝑛𝑛𝑛𝑛
�σ �
𝑜𝑜

,

∗
𝑠𝑠 −𝑠𝑠𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑘𝑘𝑟𝑟𝑟𝑟
= 1−𝑠𝑠𝑖𝑖

∗
𝑤𝑤𝑤𝑤𝑤𝑤 −𝑠𝑠𝑖𝑖𝑖𝑖

Eq. 6-2

.

Eq. 6-3

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑘𝑘𝑟𝑟𝑟𝑟
is the base kr curve, that is, the value of the measures for phase i, while σo stands

as the initial value for the IFT where krg and kro curves are present. As such, σ emerges as

the IFT at the now new conditions and nl is the tuning parameter between 4 and 10. It is
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
as the kr curve for phase i at the miscible conditions, while si is the
the state with 𝑘𝑘𝑟𝑟𝑟𝑟

phase ‘i’ saturation. When there is a decrease in IFT, there is a decrease in the residual

oil and gas saturation levels (sorg, sgr) towards 0. the values of sorg and sgr should be

corrected to the current IFT values, as the following equation shows:
∗
𝑠𝑠𝑖𝑖𝑖𝑖
= 𝑓𝑓(𝜎𝜎)𝑠𝑠𝑖𝑖𝑖𝑖 , i = oil, gas,

Eq. 6-4

∗
𝑖𝑖s the residual saturation for the gas or oil at the new IFT value. However, 𝑠𝑠𝑖𝑖𝑖𝑖
where 𝑠𝑠𝑖𝑖𝑖𝑖

is the residual saturation at σo, the reference IFT value, where f(𝜎𝜎) is defined by Equation

6-4.

6.1.3 Automatic History-Matching
The automated history-matching applied workflow is demonstrated in the Figure
6.3. Typically, the primary constituents of the process include the mathematical
representation of the core flood simulation, algorithm optimisation and flow functions.
The process is initiated by an estimation of the kr functions’ primary parameters. Values
of kr are calculated according to the primary parameters and are delivered to the
numerical simulation. The variance between simulation and experimental results
normally identified as misfit or objective function is iteratively curtailed by adjusting the
kr functions’ parameters in anticipation of achieving a particular error tolerance.
Typically, the objective function is expressed as the total of squared variances between
corresponding values and measured data from the experiment’s mathematical approach.
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The calculated statistics can be subdivided into two forms, which are external and internal
dimensions.
Internal measurement examples include the saturation of in-situ and pressure
profiles in the dynamic flow. Externally calculated statistics include pressure drop and
cumulative productions from corner to corner of the core. Typically, these include the
significantly available data from core flood experiments. Depending on the available
phase figures within a core flood test, the misfit/objective function definition can be
changed, and the form of the present calculated statistics equally determines this.
Equation 6-5 can be applied as an objective function for the two-phase flow system during
all phases of cumulative production.

Figure 6.3: Workflow for determination of two phase kr values from unsteady state core flood experiment

The cumulative production for each phase is denoted as Q, ΔP represents the
pressure decline from the core’s crosswise sample, saturation is represented by S and the
weighting factor is represented by W. Superscripts Sim and Exp are symbols of the simulated
a, while

j

represents the experimental quantities. Further, value at a time point is

represented by subscript i, whereas j represents the value of saturation at spatial location
j. The subscripts w, g and o represent water, gas and oil points. The sampling time point
numbers for internal and external statistics are denoted as Nts and Nt, respectively.
For each data type, Wx (the weighting factor) is defined by combining the
maximum possible weighting factor (1/ σ2x) and the weighting factor (w) defined by the
user. In Equation 6-5, σ2x represents the experimental measurement error variance for the
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x statistics formula. For this particular research, every statistical formula has an applied
mean squared value used in place of variance, and w equals one.
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Eq. 6-5

6.1.4 The Functional Form of Relative Permeability (kr)
There are two types of function for relative permeability exemplification:
parametric and non-parametric exemplifications. Typically, parametric exemplifications
are normally systematic correspondences that describe the association between saturation
and kr. Corey’s 1954 approach is a simplified power-law function having a single
empirical parameter and is the commonly applied model. Typically, this approach
explains the kr curves through exponential factors and endpoints. Corey’s approach has
restrictions that evidence the elasticity of capturing various observable kr curves’ shapes.
An exponential formulation with dual parameters for each particular kr curve has

been suggested by Chierici (1984), providing a more elastic correlation than that of Corey.
Nevertheless, various studies, including that of Moghadasi et al. (2015) and Lomeland et
al. (2005) have critiqued the flexibility of both the Chierici and Corey models,
highlighting their limitation in capturing the overall kr curves’ saturation range. As an
alternative, Lomeland et al. (2005) suggest applying a three-parameter approach that
allows optimum flexibility in capturing various kr curve shapes over a wide range of
saturation values. These authors suggest the LET model as the alternative.
Compared to the parametric approaches, non-parametric models tend to be
increasingly elastic. B-spline is included among the commonly applied non-parametric
models. Nevertheless, despite the B-spline curves being significantly elastic and having
higher degrees of freedom, they never guarantee the monotonicity of kr curves.. Eydinov
et al. (2007) pointed out that projected kr curves may have a single or various breaks and
may at times be asymmetrically shaped. It is fair to understand the possibility of B-spline
models introducing noticeable non-uniqueness to estimations as a result of the many
unknowns. Uncertainty in the solution increases with the higher proportion of unknown
numbers in the B-spline approach.
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In the context of this particular research, the Corey (power-law) model tends to
have minimal parameters for history-matching and the more versatile and flexible LET
model is utilised to symbolise kr curves as separate dual selections, as explained in the
following subsections.
Corey Model
Corey (1954) devised a simple power law function with just a single empirical
parameter. When utilising the Corey correlation for water and oil systems, the relative
permeabilities for water and oil are as follows:
0
𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
(1 − 𝑠𝑠𝑤𝑤∗ )𝑛𝑛𝑛𝑛𝑛𝑛

Eq. 6-6

0
𝑘𝑘𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑟𝑟𝑟𝑟
(𝑠𝑠𝑤𝑤∗ )𝑛𝑛𝑛𝑛

Eq. 6-7

𝑠𝑠 −𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤

𝑠𝑠𝑤𝑤∗ = 1−𝑠𝑠𝑤𝑤

Eq. 6-8

𝑤𝑤𝑤𝑤𝑤𝑤 −𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜

Corey’s model for double-phase oil/gas systems at irreducible water saturation or

connate water saturation alongside gas injection can be utilised as follows to obtain the
kr curves:

0
(1 − 𝑠𝑠𝑔𝑔∗ )𝑛𝑛𝑛𝑛𝑛𝑛
𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Eq. 6-9

0
𝑘𝑘𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑟𝑟𝑟𝑟
(𝑠𝑠𝑔𝑔∗ )𝑛𝑛𝑔𝑔

𝑠𝑠𝑔𝑔∗ = 1−𝑠𝑠

Eq. 7-0

𝑠𝑠𝑔𝑔

Eq. 7-1

𝑤𝑤𝑤𝑤𝑤𝑤 −𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜

The curvatures of the kr curve are obtained through the “n” parameter. An instance

can be observed in nw for water kr. Essentially, swco is the irreducible water saturation
while sorw and sorg are residual oil saturation after the two-phase water flowing and gas
injection, respectively. At irreducible water saturation, the endpoint relative
0
0
0
permeabilities for gas, water and oil are represented by 𝑘𝑘𝑟𝑟𝑟𝑟
, 𝑘𝑘𝑟𝑟𝑟𝑟
and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
. It should be

0
0
0
noted that while 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
and 𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤 are established, 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑘𝑘𝑟𝑟𝑟𝑟
and 𝑘𝑘𝑟𝑟𝑟𝑟
are uncertain.

This is mainly due to a lack of information. However, for the “n” parameter, with varying
curvature for the kr curves, now represented by nog, now, ng and nw, the endpoint

0
0
0
permeabilities (𝑘𝑘𝑟𝑟𝑟𝑟
, 𝑘𝑘𝑟𝑟𝑟𝑟
and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
) and the residual saturation (sorw and sorg) are regarded

as the matching parameters that enhance the flexibility of Corey’s curves.
97

LET Model
Proposed by Lomeland et al. (2005), the LET model is a three-parameter model
showing more flexibility than the Corey model. It also allows for the reconciliation of the
measured experimental kr data. The LET kr curves for gas/oil and oil/water systems are
as follows:
0
𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 =𝑘𝑘𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐
0
𝑘𝑘𝑟𝑟𝑟𝑟 =𝑘𝑘𝑟𝑟𝑟𝑟

𝑤𝑤

Eq. 7-2

𝑤𝑤

∗ )𝐿𝐿0 +𝐸𝐸 𝑤𝑤 (𝑠𝑠 ∗ )𝑇𝑇𝑜𝑜
(1−𝑠𝑠𝑤𝑤
𝑜𝑜 𝑤𝑤

∗ )𝐿𝐿𝑜𝑜
𝑤𝑤
(𝑠𝑠𝑤𝑤
𝑤𝑤
𝐿𝐿
𝑜𝑜
∗
∗ )𝑇𝑇𝑜𝑜
𝑤𝑤
(𝑠𝑠𝑤𝑤 ) 0 +𝐸𝐸𝑤𝑤 (1−𝑠𝑠𝑤𝑤

0
𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 =𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
0
𝑘𝑘𝑟𝑟𝑟𝑟 =𝑘𝑘𝑟𝑟𝑟𝑟

𝑤𝑤

∗ )𝐿𝐿0
(1−𝑠𝑠𝑤𝑤

𝑔𝑔

∗ )𝐿𝐿0
(1−𝑠𝑠𝑔𝑔
𝑔𝑔

𝑔𝑔

Eq. 7-3

Eq. 7-4

𝑔𝑔

∗ )𝐿𝐿0 +𝐸𝐸 (𝑠𝑠 ∗ )𝑇𝑇𝑜𝑜
(1−𝑠𝑠𝑔𝑔
𝑜𝑜 𝑔𝑔

(𝑠𝑠𝑔𝑔∗ )𝑔𝑔
𝑔𝑔
𝑜𝑜
∗ )𝑇𝑇𝑔𝑔
(𝑔𝑔)𝐿𝐿0 +𝐸𝐸𝑔𝑔𝑜𝑜 (1−𝑠𝑠𝑔𝑔

Eq. 7-5

Ideally, the empirical model parameters are L, E and T for each kr curve. Ideally,

the values of T and L are vital in describing the shape of the kr curve’s upper and lower
parts. E is used to describe the position of the slope or the elevation of the curve. As its
value increases, the slope tends towards the higher end of the curve, while the curve
moves towards the lower end when there is a decrease in value. In practical cases where
the model has been adopted, it has been observed that L ≥1, T ≥0.5 and E >0 (Lomeland
et al., 2005). Essentially, the meaningful parameters with the LET model are the residual
oil saturations, represented by sorw and sorg. The endpoint relative permeabilities, however,
0
0
0
are 𝑘𝑘𝑟𝑟𝑟𝑟
, 𝑘𝑘𝑟𝑟𝑟𝑟
and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
.

With these particular parameters, the LET approach evinces flexibility and

devises smooth and tangibly expressive kr curves. The approach could be applied in
reconciling different kr data measures and capturing adaptable kr curves transversely
around the overall range of saturation (see Ebeltoft et al., 2014; Moghadasi, 2015;
Lomeland et al., 2005).
6.2 Methodology
The main objective was to compare the modelling results for miscible gas
injections in both black oil and compositional simulators. For this process, a 1-D model
was allocated for both simulators, considering the physical properties and dimensions of
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the core provided in Chapter 2. The black oil model was initialised to history-match the
pre-equilibrated experiments, which included immiscible, low and ultra-low nearmiscible displacement, to obtain relative permeability. The result for ultra-low nearmiscible relative permeability was then applied to predict the miscible displacement in
the 1-D core flood model. To evaluate the prediction of miscible displacement, a
compositional model was initiated. An EOS was tuned with an advanced PVT
measurement (slim tube test) to match the MMP at multi-contact miscible conditions.
Subsequently, the EOS was used to predict the outcomes of the miscible core flood
experiments reported in Chapter 5. Finally, a prediction of the oil recovery factor for the
1-D model was compared with the experimental results against both the black oil and
compositional models to determine the feasibility of modelling miscible flooding.
6.3 History-Matching Utilising Unsteady-State Experiments
A series of two-phase gas/oil unsteady-state core flood experiments was initially
performed in the carbonate core at three gas/oil IFT values of 5.75 (base IFT), 0.12 and
0.04 mNm−1, as mentioned in Chapter 5. These experiments involved unsteady-state preequilibrated gas injections into an oil-saturated core at irreducible water saturation.
Pressure drops and production data for these experiments (performed at different gas/oil
IFT values) were history-matched using the LET correlation. Thus, representative relative
permeabilities for each phase during its period of injection were obtained. The effect of
the IFT change on kr was highlighted.
Table 6-1: A summary of the core flood experiments conducted at three gas/oil IFT levels.
Exp.No.
1
2
3

Core flood experiment

Core fluids

Gas/oil IFT

Displacement

live oil

(mN.m−1)

pressure (psig)

Pre-equilibrated C1

Pre-saturated

5.748

4800

Pre-equilibrated CO2

Pre-equilibrated

0.12

4240

Pre-equilibrated CO2

Pre-equilibrated

0.043

4240

Gas injection
Gas injection
Gas injection

methane
CO2
CO2

6.3.1 Model Description

The initial step in the development of a numerical simulation model was
constructing the reservoir grid system which was, in this case, a linear 1-D rectangular
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model. The 1-D core model had a length of 17 cm and a diameter of 5.1 cm, as shown in
Figure 6-4. The direction of flow was assumed to be in the Y-direction.

Figure 6-4: A schematic display showing the 1-D model setup.

The model was constructed with 200 blocks in the Y direction and a single grid
in the X and Z directions, in a Cartesian vertical orientation. To ensure that the effect of
gravity was minimised, the rock properties (porosity and absolute permeability) were
measured for the whole core; it was assumed that the simulation model was a
homogeneous porous medium in all spatial directions. Therefore, a constant absolute
permeability of 16.25 mD was assigned for the I, J and K directions.
6.4 History-Match Results and Discussion
To conduct the history match, the CMOST simulator from CMG was used. The
aim was to select a parametric form for relative permeabilities and, through manipulating
the parameters, determine the relative permeability which would be the best possible fit
for the produced fluids and pressure drop. In this case, the LET correlation was used to
provide the best match for gas/oil relative permeabilities. By extracting the available
endpoint saturations and relative permeabilities from experimental data, the unknown
parameters in these correlations were determined by minimising the difference between
experimental and simulated values of production and differential pressure data. The
history match results for oil production and pressure drop at three different IFT
displacements (5.75, 0.12 and 0.043 mN.m−1) are presented in Figures 6.5, 6.6 and 6.7.
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Figure 6-5: Experimental and history-matched oil production and pressure drop data for the immiscible
gas IFTg/o = 5.75 mN.m−1.

Figure 6-6: Experimental and history-matched oil production and pressure drop data for the near miscible
gas IFTg/o = 0.12 mN.m−1.

Figure 6-7: Experimental and history-matched oil production and pressure drop data for the near miscible
gas IFTg/o = 0.045 mN.m−1.
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6.4.1 The Effect of IFT on Two-Phase Gas/Oil Relative Permeability
To compare the estimated two-phase kr curves at various IFT values, they were
plotted against their respective phase saturations at various IFT values, as shown in
Figures 5-8 to 5-10. In high IFT displacement (5.7 mN.m−1), the oil relative permeability
curve declined sharply for small increases in gas saturation (Figure 6-8), whereas the gas
relative permeability declined less rapidly as the gas saturation decreased. The shape of
the relative permeabilities shows very low kr values due to the thick oil film that was
formed and because the passage for the gas phase was reduced, making gas movement
more difficult. This was to be expected if we recognise that fluids are held in the pores of
porous rocks by capillary forces, which are determined by IFT and the pore radii. In low
IFT displacement (0.12 mN.m−1), a shift in gas saturation where the relative permeabilities
intersect varied from saturation of 30% in high IFT to 65% in low IFT (Figure 6-9).
Additionally, the oil and gas relative permeabilities deviated from each other significantly
at the higher values of kg/ko and the higher gas saturations. The changes in kr show that
gas/oil IFT decreased as the capillary forces decreased and gas approached the small pores
which were previously occupied by oil. In ultra-low IFT displacement (0.045 mN.m−1),
further increases in gas saturation were observed, ranging from 65% in low IFT to 75%
in ultra-low IFT (Figure 6-10). As the IFT between the oil and gas phases reduced, more
bypassed oil was produced after the breakthrough time, which made pore throat space
more available for passing the gas phase and consequently increasing the gas relative
permeability curve sharply. Therefore, in ultra-low IFT conditions, oil could flow even at
its low values of saturation.
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Figure 6-8: Gas and oil relative permeabilities for the gas injections performed in 16.25 mD carbonate
core at different gas/oil IFTs (IFT = 5.7 mN.m−1).
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Figure 6-9: Gas and oil relative permeabilities for the gas injections performed in 16.25 mD carbonate
core at different gas/oil IFTs (IFT = 0.12 mN.m−1).
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Figure 6-10: Gas and oil relative permeabilities for the gas injections performed in 16.25 mD carbonate
core at gas/oil IFTs (IFT = 0.043 mN.m−1).

In Figure 6-11, all sets of relative permeabilities are shown in the range of
saturation change after the gas breakthrough. The results show that relative permeabilities
for both gas and oil phases increased as the IFT value decreased. The residual oil
saturation (Sorg) decreased as the gas/oil IFT reduced. The kr of gas and oil was affected
more by gas/oil IFT reduction than by high IFT displacement. The comparison of the
curvatures of the gas and oil kr curves shows that they both decreased with reduction of
gas/oil IFT but they are still far from being straight lines, even at a very low IFT value of
0.04 mNm−1. A comparison of the estimated gas and oil relative permeabilities at different
IFT values shows that:
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•

The gas endpoint relative permeabilities became closer to unity as IFT decreased
and the fluids approached miscibility.

•

As IFT decreased, so did the capillary resistance, resulting in smaller residual
saturations.

•

A shift in crossover point of the drainage gas/oil relative permeability curves
occurred as a function of IFT decreasing.

•

The changes in kro/krg as IFT decreased were not identical.
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Figure 6-11: Valid saturation of gas and oil relative permeabilities for the gas injections performed in
16.25 mD mixed-wet core at different gas/oil IFTs (IFT = 5.75, 0.12 and 0.043 mN.m−1).

6.4.2 The Coats Method of IFT Scaling in Simulations
The objective in this stage was to evaluate the application of the Coats method
(1980), which is currently used in reservoir simulators, and its ability to estimate the gas
and oil relative permeabilities at low IFT conditions using the relative permeabilities at
high IFT conditions. The gas/oil relative permeabilities at a high value of IFT 5.7 mNm−1
were calculated by history-matching the experimental results of a gas injection test, as
shown earlier. This set of relative permeabilities along with a numerical reservoir
simulator were used to perform a history-match on a similar experiment at low IFT
conditions (0.045 mNm−1).
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To demonstrate the importance of accounting for the IFT effect in the simulation,
the results of an experiment conducted at a low IFT of 0.04 mNm−1 were compared with
a simulation run of an experiment using relative permeabilities of the same core obtained
at a high IFT of 5.7 mNm−1 but ignoring the effect of IFT scaling. Figure 6-12 shows the
result of the simulation using high IFT to predict low IFT. However, it can be seen that
the high IFT simulation results do not agree with the low IFT experimental results. There
is a significant difference (40%) in the value of ultimate recovery between the experiment
and the simulation.
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Figure 6-12: A comparison of oil recovery (%IOIP) between simulations when ignoring the effect of IFT
and a similar experiment performed at a low gas/oil IFT of 0.045 mNm−1.

To assess the scaling of IFT, the correlations introduced by Coats were used to
calculate modified kro and krg at a low IFT value. To do so, the “nl” parameter in Eq. 52 was used as the tuning parameter to find the best match between the simulation and
experimental results. Figure 6-13 shows the scanning curves of krg and kro at different f
(σ ).
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Figure 6-13: IFT scaling calculated by the Coats model for gas and oil relative permeabilities at different
‘ni’ tuning parameters.

Figures 6-14 and 6-15 compare the experimental data of the gas injection tests at
low IFT values with the results of the simulation. The recovery and pressure drop curves
are much closer to the experimental results compared with the case mentioned above
where no scaling corrections were used. The best match obtained in this case was f (σ ) =
0.294. There was an 11% difference in the ultimate recovery between experiment and
simulation. The recovery curve shows that the application of the Coats method reduced
the error in predicting oil recovery and pressure.
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Figure 6-14: A comparison of oil recovery (%IOIP) between the results of a simulation using the Coats
method and an experiment at a low gas/oil IFT of 0.04 mNm−1.
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Figure 6-15: A comparison of pressure drop (psi) between results of a simulation using the Coats method
and an experiment at a low gas/oil IFT of 0.045 mNm−1.

6.5 Miscible CO2 Gas Injection Utilising a Compositional Model
The feasibility of modelling miscible CO2 injection in the target oil reservoir was
next investigated. Modelling multi-contact miscible CO2 required the estimation of phase
behaviour with the assumption that it could be described with a tuned EOS. The study
began with fluid restoration and PVT analysis. The conventional PVT analysis data was
used for EOS tuning with advanced PVT measurements (slim tube test) to estimate the
MMP between the CO2 and reservoir oil. The results were used to match the 1-D miscible
CO2 slim tube experiments discussed in Chapter 5.
6.5.1 Modelling Reservoir Fluid
The same crude oil (A) as that discussed in Chapter 5 was used in this study. It
was a volatile oil with API gravity of 41° and stock tank oil viscosity of 0.192 at a test
temperature of 272 °F. The crude oil was recombined with methane (C1), representing
the make-up gas with a gas:oil ratio of 1351 scf/stb at the test temperature and pressure
of 272 °F and 4800 psi, respectively.
PR EOS was selected for the fluid modelling, since this yields more accurate
vapour pressure predictions for the heavy hydrocarbon components in high
pressure/temperature reservoirs. The JST viscosity model was used for viscosity
estimation. The recombined oil sample (hereafter called methane-saturated oil) was first
lumped into six components, as shown in Figure 6-16.
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Figure 6-16: Crude stock tank oil A and its recombined methane-saturated oil.

The lumping scheme for the reservoir fluid components considered the
recombination process of reservoir oil in such a way that the components of the model
gas (methane) would be a separate component along with carbon dioxide (CO2), which
was the target component of the mass transfer to reservoir oil. The C7+ fractions were
lumped into four pseudo components (C7-C11, C12-C20, C21-C29 and C30+) based on
their molecular weight. A saturation pressure and separator test were then used to tune the
EOS. During regression, the properties of the four pseudo components were used for
further tuning (C7-C11, C12-C20, C21-C29 and C30+). In a stepwise procedure, the
pseudo component EOS parameters (i.e. Tc, Pc, AF, Vsh and BIC) were used for matching
all available experimental data by limiting each parameter within physical values. Table
6.2 presents a summary of the fluid model parameters.
Table 6.2 : A summary of the fluid model parameters.
Components

CO2

CH4
C07 to C11
C12 to C20
C21 to C29
C30+

Pc
(atm)
72.8
45.4
28.4
15.8
13.1
9.1

Tc (°K)
304.2
190.6
655.6
724.6
840.2
1034.0
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ω
0.23
0.01
0.34
0.57
0.85
1.18

Molecular
Weight

44.0
16.0
118.8
209.6
336.6
538.3

6.5.2 1-D Slim Tube Simulation
A numerical 1D compositional model was created. For the baseline model, a grid
block of 500 × 1 × 1 cells was used. The number of grids was required to be large enough
to obtain a low numerical dispersion that was either close to the physical dispersion
associated with the slim-tube experiment or compensated by some simulation parameters,
such as relative permeabilities (Danesh, 2003). The same CO2 injection rates as the
experimental conditions were used as in the experiment (12 cm3/hr). Relative
permeabilities for all of the injection pressure steps were set to an ‘X shaped’-type curve,
starting from the origin and ending at 1. The baseline model properties are given in the
Table 6-2. The results for the MMP determination regarding the experimental data from
the baseline model can be seen in Figure 6-17. Ten different displacement pressures were
simulated to define the cross plot between the immiscible and miscible breaking points.
Overall, MMP prediction was good, giving the simulation an MMP value of 4330 psig,
60 psig higher than the experimental MMP reported in Chapter 5. The oil recovery for
the simulated MMP was approximately 95% of oil produced at the MMP .
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Figure 6-17: An EOS check with slim tube simulation, 500 grid blocks: simulated oil recovery factors at
1.2 PVI at 10 different pressure displacements.

6.6 1-D Miscible/Near-Miscible CO2 Core Flood Simulations
The objective of the investigation of miscible/near miscible gas injections under
two different simulator approaches, compositional and extended black oil simulators, was
to evaluate the numerical solution in the process of simulating miscible gas injection.
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Fully compositional models are considered as the primary tool for CO2 injection studies
but complex engineering analysis requirements encourage practitioners to use extended
black oil simulators. Extended black oil simulation is an alternative approach to
compositional simulation and provides an engineering tool to account for oil
displacement by a miscible or immiscible fluid. As mentioned in Chapter 5, most
reservoirs applying miscible CO2 have near-miscible displacement. In the present case,
the estimation of near-miscible displacement provided the proper solution to predict
miscible displacement. To do so, the study utilised the estimation of relative
permeabilities at near-miscible conditions obtained by history-matching the experimental
data and compared it to the miscible core flood simulation. The effectiveness of
employing the tuned EOS to predict the performance of miscible CO2 was also
investigated. Miscible CO2 core flooding was performed in a carbonated core, as reported
in Chapter 5. The numerical model indicated in section 5.3.1 was used. Multi-contact
miscibility was achieved with the estimation phase behaviour using the tuned EOS. It
should be noted that the simulator first allowed a thermodynamic equilibrium to occur
and then applied Darcy’s law to the equilibrated oil flowing under the pressure gradient.
The test pressure was 4800 psi above the MMP to ensure that miscibility was achieved.
The relative permeability used in the model was the kr for immiscible displacement.
However, the illustration of the relative permeabilities resulted in the same residual oil
saturation, as the displacement pressure was high enough such that the EOS continued to
decrease oil saturation. The results from MCM miscible CO2 governed by the EOS are
shown in Figure 6-18. As expected, the results indicate a good prediction for the
experimental data, since the carbonated core was homogenous, and, therefore, there was
no heterogeneity effect.
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Figure 6-18: A prediction of oil recovery using the compositional model simulation with a tuned EOS for
the 1-D miscible CO2 core flood experiment.

The prediction of oil recovery for both the compositional and black oil simulators
is shown in Figure 6.19. As observed, the black oil model utilising the near-miscible
relative permeability gave a good prediction in terms of oil recovery. The result was an
almost complete recovery, despite having an early breakthrough. After the breakthrough,
more oil was produced, which is the phenomenon associated with near-miscible
displacement. This result also confirms that near-miscible flooding can achieve a similar
level of recovery to miscible injection (Sohrabi et al., 2008). However, in real-world CO2
miscible displacement in reservoirs, oil would still be produced even after breakthrough.
Therefore, most oil reservoirs experience near-miscible displacement phenomena. The
black oil model was reliable when simulating miscible gas injection. Moreover, it
required only simple information regarding the fluid and relative permeability at nearmiscible conditions.
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Figure 6-19: A prediction of oil recovery for the compositional model vs the black oil model against the
1-D miscible CO2 core flood experiment.

6.7 Conclusion
In this study, the effect of gas/oil reduction on two-phase relative permeability has
been investigated utilizing the unsteady state coreflood experiments. The current practice
for IFT scaling was examined using Coats’ model. Finally, the chapter has evaluated the
two different approaches in modelling miscible gas injection, utilizing the black oil model
and the compositional model. The following conclusions can be drawn from this study:
•

The relative permeability of both gas and oil increase as the IFT decreases, but
not equally.

•

As the system moves from immiscible toward miscible conditions, the relative
permeability increases, and its curvature reduces.

•

The IFT reduction to the ultra-low value of 0.043 mNm-1 was more effective
than reduction to 0.12 mNm-1. The results indicate that, in low IFT displacement,
gas saturation corresponds to approximately 30% for high IFT and 65% for ultralow IFT value.

•

There is a shift in the crossover point of the drainage gas/ oil relative permeability
curves as a function of decreases in IFT.

•

The results also demonstrate that residual oil saturation (Sorg) is directly
proportional to IFT values. This explains why Sorg decreases when gas/oil IFT is
reduced.

112

•

In Coats’ method of IFT scaling and simulation, the results indicate that high IFT
simulation results differ from ultra-low IFT experimental results with a margin of
40% .

•

When the simulation results are compared with experimental results, the best
match value was obtained as f (σ ) = 0.294. It is essential to note an 11% difference
in ultimate recovery between experiment and simulation.

•

Using the EOS, the results obtained for MCM miscible CO2 indicate that there is
an excellent prediction of experimental data in one-dimensional simulation.

•

Utilizing ultra-low relative permeability for predicting the miscible displacement
has shown promising results in terms of ultimate oil recovery. this new approach
would allow the prediction of the performance of miscible displacement utilizing
the black oil model.
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CHAPTER 7-CONCLUSIONS, RECOMMENDATIONS, AND FUTURE
WORK
The various studies in this thesis have demonstrated the effects of different
parameters on the implementation of miscible CO2 flooding as an industrial process,
alongside alternative approaches to EOR. This chapter presents the main conclusions of
this research. In addition, some recommendations for future work are provided for the
researchers to study the process of modelling CO2 miscible gas injection in improving
oil recovery.
Chapter Three: Effect of CO2 -OIL miscibility on the performance of gas injection
Despite the preference for CO2 flooding in recovery of oil, the pure gas is not
readily available, due to the sharp rise in the domestic and commercial consumption of
hydrocarbon gases. In the design of a CO2 miscible gas injection project, one of the most
important parameters is the minimum miscibility pressure (MMP). MMP is the lowest
pressure at which the gas and oil become miscible at a fixed temperature. It is an important
parameter that determines the efficiency of oil displacement by gas and could be
influenced by factors such as fluid composition and temperature. Several slim tube
experiments were performed with CO2 and mixtures of CO2 with up to 20 percent of
different gases were investigated. An equation of state model was tuned with advanced
PVT experiments to evaluate the capability of current simulation techniques in predicting
MMP. The chapter discusses the mechanism of CO2 in extracting light and intermediate
components and the effect on MMP specifically when reinjected/recycling the miscible
gas flood. The results showed that using a mixture of C CO2 O2 2 gas with hydrocarbons
and non-hydrocarbon gas instead of injecting very pure CO2CO2 2 gas significantly
lowers operational costs. the increase of MMP was found to be linear relationship up to
20 percent mixture of different gases and CO2CO2 2. However, When CO2CO2 2 is
reinjected in the reservoir, the miscibility of the residual oil and CO2CO2 2 leads to a
significant impact on the MMP, given that there is the absence of light and intermediate
components. 1-D slim tube simulation relying upon EOS is an excellent method of
determining MMP of the CO2CO2 2 mixture with N2 and C1 up to 20%. However, it
should be noted that this method was not practical for ethane as it did not contribute to
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the reduction of MMP, which is due to the almost identical values of critical for both C2
and CO2.
Chapter Four: Improved correlation for predicting MMP for pure CO2 gas
injection
There is a strong focus on implementing miscible CO2 flooding in several
ADNOC reservoirs. Although slim tube testing is the preferred method for estimating
MMP experimentally, it is not feasible to conduct tests for all the relevant fluid systems.
Therefore, correlations are attractive because they require few input parameters, little
information about the fluids, and are quick and easy to use. In this study, 17 slim tube
measurements were performed at temperatures around 250 °F, which provide a useful
addition to the publicly available MMP data sets. Based on these new measurements, a
correlation was developed which predicts MMP more accurately than any other
correlation tested. The proposed correlation for CO2 MMP operates based on temperature,
number of volatiles, and saturation pressure. To further constrain the model, a number of
EOS-based calculations were performed in the temperature range from 100 to 350 °F.
These calculations showed that MMP attains a maximum value around 320 °F for the
fluids tested. This supports earlier findings by Yuan et al. (2005). At lower temperatures,
the MMP was found to increase linearly with temperature, with a slope close to the 15
psia/°F reported by Yellig and Metcalfe (1980).
Chapter Five: Effect of CO2 - OIL IFT on the performance of gas injection in
carbonate reservoirs
The injection of miscible/near miscible gases as a displacing fluid is a commonly
used process among the various EOR methods. In order to distinguish between the actual
conditions of miscibility (miscible, near miscible and immiscible), IFT is the critical
parameter to describe the effect of different types of gas injection in the reservoir.
Knowledge of the effects of IFT on the Enhanced Oil Recovery process is critical in
predicting gas injection performance more accurately. To the author’s knowledge, most
of the studies carried out regarding the effect of variation of IFT on the performance of
gas injection used only synthetic oil. In this chapter a new approach was designed to
achieve different IFTs, ranging from immiscible to near miscible displacement using
crude oil under reservoir conditions. This process involved three stages: slim tube, mixing
cell and capillary rise tube experiments prior to a core flood test. Slim tube tests were
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used to distinguish the breaking point pressure between immiscible and miscible
displacement. Fluids were then preequilibrated at different CO2 to oil ratios to ensure the
effect of dynamic mass transfer was eliminated. The IFT measurement for the gas/oil was
performed using a capillary rising tube to determine the IFT value accurately.
Experiments to determine the effect of CO2 on the performance of gas injection were then
performed on four primary levels, which were: immiscible (5. 75mN.m-1), intermediate
miscible (0.12mN.m-1), near miscible (0.043 mN.m-1), and miscible. At low gas-oil IFT,
there was a significant decrease in residual oil saturation, almost similar to that with
miscible displacement. High IFT causes poor performance of the gas flood due to the
resistance of the gas to passing through smaller pores. Injecting gas at near miscible
displacement will cause thinning of the absorbed films, which leads to shrinking the
pendular rings and initiating the wetting phase in the rock surface, and hence, more oil
will be produced. (>90%). This phenomenon, which has been discussed by Sohrabi et
al. (2008), is called coupling flow of gas and oil. It does not occur in miscible nor
immiscible displacement and can be used to provide high displacement efficiency. The
efficiency of oil recovery for gas injections with near miscible gas/oil (0. 043mN.m) IFT
outperforms that at low gas/oil IFT (0. 12mN.m), which is in turn better than that of
immiscible gas/oil IFT. Near miscible flooding was found to achieve a similar recovery
to miscible, which concurs with the findings of several authors. This result will define a
new strategy in reviewing reasons for injecting above MMP when near miscible injection
could achieve the same ultimate recovery and hence be more economical in terms of
compression costs.
Chapter Six: Improvements in modelling the process of miscible /near miscible gas
injection using an extended black oil simulator
Relative permeability is a crucial parameter in multiphase flow, as it describes the
distribution and flow of each fluid in a porous medium. In any commercial simulation, an
estimation of relative permeability would be required in order to predict the performance
of gas injection. This study utilised the unsteady state experiments for three different
gas/oil displacement (high IFT 5.75,N.m-1 ,low IFT 0.12mN.m-1 and ultra-low IFT
0.045mN.m-1 ) reported in Chapter 5. An optimization algorithm was implemented to
minimize the differences between the experimental data and the results of numerical
simulation, through a process of a history matching, to obtain relative permeability. The
result was used to investigate the effect of IFT on relative permeability. In a two-phase
system, the relative permeability of both phases increases as the IFT decreases, but not
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equally. As the system moves from immiscible toward miscible conditions, the relative
permeability increases, the residual oil saturation decreases, and the kr curvature reduces.
The kro was affected by IFT reduction mainly at low saturation values while the krg was
affected in the whole range of saturation.
The current practice for two-phase kr IFT scaling was examined using the
measured data. The results of using Coats’ Methods in order to carry out IFT scaling
indicate that high IFT simulation oil recovery results differ from ultra-low IFT
experimental results with a margin of 11%.
Furthermore, two different approaches in modelling miscible gas injection using
a black oil model and a compositional model were investigated. In the black oil model,
the relative permeability at ultra-low IFT was used to predict the performance of miscible
displacement in 1D simulation. In contrast, a tuned EOS model with advance PVT
measurement was used in the compositional model to evaluate the MCM governed by the
EOS in predicting miscible displacement. The results indicate that using EOS to obtain
MCM for Miscible CO2 2 can lead to an excellent prediction of the experimental data.
However, using the ultra-low relative permeability to predict the miscible displacement
has also shown promising results in terms of the ultimate oil recovery. This new approach
would allow the performance of miscible displacement to be predicted using the black oil
model. It should be noted that as the models were 1 dimensional, there was no effect of
heterogeneities.
Recommendations and Future Work
Effect of CO2 -OIL Miscibility on the performance of Gas Injection
•

Perform slim tube tests for a wider range of mixtures of gases, such as propane
or H2 S, to investigate the effect on MMP.

•

Extend the mixture of CO2 with up to 50% of hydrocarbons and non-hydrocarbons
to identify the maximum effect of different gases on MMP.

•

Use a long core instead of slim tube to compare the oil recovery obtained by the
slim tube.

•

Perform core flood tests using the same process in which recycling, and
reinjection of CO2 is considered to evaluate the effect on oil recovery.
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Chapter Four: Improved correlation for predicting MMP for Pure CO2 gas
Injection.
•

Cross-validate the correlation with further CO2 MMP measurements with
different oil.

•

Boost the correlation with further bubble point measurements with the MMP
result to tune the coefficient in the equation.

•

Include additional formulation to account for the effect of mixtures of different
gases and CO2.

Chapter Five: Effect of CO2- OIL IFT on the performance of Gas Injection in
Carbonate Reservoirs
•

Employing pre-equilibrated fluid in core flood tests shows the realistic behaviour
of miscible gas fluid and its effect on performance, rather than using MCM where
mass transfer is active. Therefore, it is recommended to preform different gases
preequilibrated with oil to investigate the effect of IFT on oil recovery.

•

Perform water alternating gas (WAG) injection with pre-equilibrated fluid to
investigate the flood/flood flow in porous media and the effect on oil recovery.

•

Use different ratios of gas and oil when preequilibrated to obtain different IFTs
for core flood tests.

Improvements in Modelling Gas Injection Miscible /Near Miscible Process Using an
Extended Black Oil Simulator
•

The estimated two-phase kr from unsteady-state coreflood experiments should be
compared against measured kr from steady-state experiments for similar
saturation directions, fluids and rock systems.

•

The study compared the black oil and compositional simulator in a onedimensional model for predicting the performance of miscible gas injection.
Upscaling the model to 2D and a sector model will allow us to see the effect of
heterogeneities as well as using both simulators to predict reservoir performance.

•

Further investigations are required to understand the influence of gas/oil IFT
variations on three-phase kr and two phase kr.

•

The existing IFT scaling models for two-phase systems should be improved, to
estimate the new Sor at different IFT values.
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APPENDIX A

** FILE: SLIMTUBE_EXP.DAT
Utilizing EOS_01
**
**
**
** MODEL: 500x1x1 GRID SLIM TUBE CO2 GAS INJECTION **
**
FIELD UNITS
** This template simulates a slim tube test of CO2 injection **
**--------------------------------------------------------------------**
** Muataz alshuaibi
**
**--------------------------------------------------------------------**
*RESULTS *SIMULATOR *GEM
*TITLE1 'Slim Tube Tests on Crude Oil B'
*TITLE2 'Flash Gas injection'
*INUNIT *FIELD
*OUTPRN *GRID *IMPL *PRES *SO *SG *SIG *DENO
*WPRN *GRID 1
*WPRN *WELL 1
*WSRF *GRID 1
*WSRF *WELL 1
*WRST 0
*OUTPRN *RES
*OUTSRF *WELL *PAVG
*OUTSRF *GRID *PRES *SW *SO *SG *SIG *TEMP
**--------------------------------------------------RESERVOIR DATA-----*GRID *CART 500 1 1
*DI *CON 0.12
*DJ *CON 0.0092
*DK *CON 0.0092
*POR *CON 0.342
*PERMI *CON 5700.
PERMJ EQUALSI
PERMK EQUALSI
** 0 = pinched block, 1 = active block
PINCHOUTARRAY CON
1
*DEPTH 1 1 1 1.0
** 0 = null block, 1 = active block
NULL CON
1
**CPOR 4e-6
**--------------------------------------------------FLUID COMPONENT DATA
**The following is the fluid component
**property data in GEM format.
**The unit system and fluid compositions should
**be specified in the I/O control section.
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**The units and compositions specified in WinProp
**are included here as comments for informational purposes.
** PVT UNITS CONSISTENT WITH *INUNIT *FIELD
**COMPOSITION *PRIMARY
**
1.2692393E-03 2.6946927E-02 2.6361124E-03 3.2414420E-01
**
6.8831825E-02 5.6237065E-02 4.9597967E-02 3.8565349E-02
**
4.6571320E-02 1.5769281E-01 1.4165852E-01 6.8075346E-02
**
1.7773319E-02
**COMPOSITION *SECOND
**
0.0000000E+00 1.0000000E+00 0.0000000E+00 0.0000000E+00
**
0.0000000E+00 0.0000000E+00 0.0000000E+00 0.0000000E+00
**
0.0000000E+00 0.0000000E+00 0.0000000E+00 0.0000000E+00
**
0.0000000E+00
*MODEL *PR
*NC 13 13
*TRES
290.000
*COMPNAME
'H2S'
'CO2'
'N2'
'CH4'
'C2H6'
'C3H8'
'IC4toNC4' 'IC5toNC5'
'FC6'
'C07toC10' 'C11toC19' 'C20toC35'
'C36+'
*SG
8.0100000E-01 8.1800000E-01 8.0900000E-01 3.0000000E-01
3.5600000E-01 5.0700000E-01 5.7747024E-01 6.2829721E-01
6.9000000E-01 7.5307601E-01 8.1267270E-01 8.7792699E-01
9.4766489E-01
*TB
-7.6630000E+01 -1.0921000E+02 -3.2035000E+02 -2.5861000E+02
-1.2757000E+02 -4.3690000E+01 2.4746851E+01 9.0208393E+01
1.4693000E+02 2.5374384E+02 4.7927999E+02 7.4958052E+02
1.0820741E+03
*PCRIT 8.8200000E+01 7.2800000E+01 3.3500000E+01 4.5400000E+01
4.8200000E+01 4.1900000E+01 3.7037354E+01 3.3347121E+01
3.2460000E+01 3.0107000E+01 1.6723058E+01 1.1680108E+01
8.9193246E+00
*VCRIT 9.8500000E-02 9.4000000E-02 8.9500000E-02 9.9000000E-02
1.4800000E-01 2.0300000E-01 2.5741650E-01 3.0489566E-01
3.4400000E-01 4.4347080E-01 7.4719325E-01 1.2164024E+00
1.8729808E+00
*TCRIT 3.7320000E+02 3.0420000E+02 1.2620000E+02 1.9060000E+02
3.0540000E+02 3.6980000E+02 4.1992283E+02 4.6545875E+02
5.0750000E+02 5.5490000E+02 8.4448000E+02 8.5183000E+02
8.1996000E+02
*AC
8.0000000E-02 1.8000000E-01 3.2000000E-02 5.0631000E-02
5.5142000E-02 1.2628000E-01 2.1266000E-01 2.1529000E-01
2.9666000E-01 4.2965000E-01 4.4118000E-01 1.0801000E+00
1.8000000E+00
*MW
3.4080000E+01 4.4010000E+01 2.8013000E+01 1.6043000E+01
3.0070000E+01 4.4097000E+01 5.8124000E+01 7.2151000E+01

129

8.6000000E+01 1.1346184E+02 1.9663056E+02 3.6174408E+02
5.9316154E+02
*HCFLAG 0
0
0
0
0
0
0
0
0
0
0
0
0
*BIN
1.0000000E-01
1.3000000E-01 0.0000000E+00
7.0000000E-02 1.0000000E-01 2.5000000E-02
8.5000000E-02 1.0000000E-01 1.0000000E-02 1.5100847E-03
8.0000000E-02 1.0000000E-01 9.0000000E-02 4.8003952E-03
9.3315964E-04
7.5000000E-02 1.0000000E-01 9.5000000E-02 8.4695315E-03
2.8574262E-03 5.2730645E-04
7.0000000E-02 1.0000000E-01 1.0551899E-01 1.1697986E-02
4.8627494E-03 1.5453204E-03 2.6795899E-04
5.0000000E-02 1.0000000E-01 1.1000000E-01 1.4304920E-02
6.6105157E-03 2.5954861E-03 7.8577434E-04 1.3619366E-04
0.0000000E+00 1.1000000E-01 1.2000000E-01 2.0602493E-02
1.1140656E-02 5.6796030E-03 2.7599739E-03 1.3113409E-03
6.0308159E-04
0.0000000E+00 1.1000000E-01 1.2000000E-01 3.6817541E-02
2.3938855E-02 1.5637481E-02 1.0511180E-02 7.4598142E-03
5.5968781E-03 2.5394062E-03
0.0000000E+00 1.1000000E-01 1.2000000E-01 5.5617521E-02
3.9863159E-02 2.9119344E-02 2.2064563E-02 1.7596009E-02
1.4703569E-02 9.4342980E-03 2.2166055E-03
0.0000000E+00 1.1000000E-01 1.2000000E-01 7.4868461E-02
5.6861155E-02 4.4163594E-02 3.5542290E-02 2.9909768E-02
2.6165187E-02 1.9046861E-02 7.8379028E-03 1.7397246E-03
*VSHIFT -2.3999241E-02 1.7592660E-02 -2.4391742E-01 -2.0288996E-01
-1.3399000E-02 -1.8630000E-01 -2.6623706E-02 5.1347000E-02
-1.3263374E-01 -5.3574553E-02 1.4843807E-01 2.5703399E-01
4.2523055E-01
*VISCOR *HZYT
*MIXVC 3.5535000E-01
*VISVC 9.8500000E-02 9.4000000E-02 8.9500000E-02 9.9000000E-02
1.4800000E-01 2.0300000E-01 2.5742520E-01 3.0489620E-01
3.4400000E-01 4.4083042E-01 6.0025000E-01 9.7579000E-01
1.4983000E+00
*VISCOEFF 1.4731000E-01 2.7524858E-02 5.6191000E-02 -3.9127000E-02
1.3437000E-02
*OMEGA 3.6578000E-01 4.6459070E-01 5.4868000E-01 4.2234920E-01
4.5723553E-01 4.5723553E-01 4.5723553E-01 4.5723553E-01
5.4868000E-01 4.6972211E-01 4.5723553E-01 4.2553163E-01
5.4868000E-01
*OMEGB 9.3355000E-02 8.0923984E-02 9.3355000E-02 7.2187946E-02
7.7796074E-02 7.7796074E-02 7.7796074E-02 7.7796074E-02
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9.3355000E-02 7.0081229E-02 7.7796074E-02 8.1097211E-02
9.3355000E-02
*PCHOR 8.0100000E+01 7.8000000E+01 4.1000000E+01 7.7000000E+01
1.0800000E+02 1.5030000E+02 1.8735354E+02 2.2858734E+02
2.5010880E+02 3.2666850E+02 5.4024089E+02 8.4509633E+02
1.1483078E+03
*ENTHCOEF
-2.3279000E-01 2.3744800E-01 -2.3234000E-05 3.8812000E-08
-1.1328700E-11 1.1484100E-15
9.6880000E-02 1.5884300E-01 -3.3712000E-05 1.4810500E-07
-9.6620300E-11 2.0738320E-14
-6.5665000E-01 2.5409800E-01 -1.6624000E-05 1.5302000E-08
-3.0995000E-12 1.5167000E-16
-2.8385700E+00 5.3828500E-01 -2.1140900E-04 3.3927600E-07
-1.1643220E-10 1.3896120E-14
-1.4220000E-02 2.6461200E-01 -2.4568000E-05 2.9140200E-07
-1.2810330E-10 1.8134820E-14
6.8715000E-01 1.6030400E-01 1.2608400E-04 1.8143000E-07
-9.1891300E-11 1.3548500E-14
5.4793973E+00 9.9499957E-02 2.5811680E-04 6.5447173E-08
-4.7922229E-11 7.4235561E-15
1.2919076E+01 6.8863706E-02 2.9749302E-04 3.5297642E-08
-3.6468526E-11 5.8419475E-15
0.0000000E+00 -1.6543463E-02 4.1169069E-04 -5.7742757E-08
0.0000000E+00 0.0000000E+00
0.0000000E+00 -4.5705210E-02 4.2908352E-04 -6.4491853E-08
0.0000000E+00 0.0000000E+00
0.0000000E+00 -2.5621913E-02 4.1250636E-04 -5.9441224E-08
0.0000000E+00 0.0000000E+00
0.0000000E+00 -1.4584322E-02 4.0257384E-04 -5.6594789E-08
0.0000000E+00 0.0000000E+00
0.0000000E+00 -6.6183501E-03 3.9504920E-04 -5.4516112E-08
0.0000000E+00 0.0000000E+00
*AQUEOUS-DENSITY *LINEAR

**--------------------------------------------------ROCK FLUID---------*ROCKFLUID
*RPT
*SWT
0
0
1
1
1
0
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*SGT
0
1

0
1

1
0

*TRLIMS
**--------------------------------------------------INITIAL CONDITION--*INITIAL
*VERTICAL *OFF
*PRES *CON 2850
*SW
*CON 1.0E-8
ZGLOBALC 'N2' CON 0.00263611
ZGLOBALC 'IC5toNC5' CON 0.0385653
ZGLOBALC 'IC4toNC4' CON 0.049598
ZGLOBALC 'H2S' CON 0.00126924
ZGLOBALC 'FC6' CON 0.0465713
ZGLOBALC 'CO2' CON 0.0269469
ZGLOBALC 'CH4' CON 0.324144
ZGLOBALC 'C3H8' CON 0.0562371
ZGLOBALC 'C36+' CON 0.0177733
ZGLOBALC 'C2H6' CON 0.0688318
ZGLOBALC 'C20toC35' CON 0.0680753
ZGLOBALC 'C11toC19' CON 0.141659
ZGLOBALC 'C07toC10' CON 0.157693
**
**--------------------------------------------------NUMERICAL----------*NUMERICAL
*NORM *PRESS 5.00
*NORM *SATUR 0.05
*NORM *GMOLAR 0.05
*MAXCHANGE *PRESS 1000.00
*MAXCHANGE *SATUR 0.999
*MAXCHANGE *GMOLAR 0.999
*CONVERGE *MAXRES *TIGHTER
*SORDER *NATURAL
**--------------------------------------------------WELL DATA----------** ONE INJECTOR AND ONE PRODUCER LOCATED AT EITHER END
** INJECTOR : CONSTANT SURFACE VOLUME INJECTION (FLAH GAS)
** PRODUCER : CONSTANT BHP
**--------------------------------------------------------------------**
*RUN
*DATE 2018 1 1
DTWELL 0.001
**TIME 0.0
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*REFINE 1 1 1 *INTO 2 1 1
*REFINE 500 1 1 *INTO 2 1 1
*DTMIN 0.00001
DTMAX 1.0
** *WELL 1 'INJ-1'
**
WELL 'INJ-1'
INJECTOR 'INJ-1'
INCOMP SOLVENT 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
OPERATE MAX BHF 0.000316377 CONT
** *WELL 2 'PROD-20'
**
WELL 'PROD-20'
PRODUCER 'PROD-20'
OPERATE MIN BHP 2850.0 CONT
*GEOMETRY *K 0.009236 2.0 0.50 0.0
PERF SLIMTUBE 'INJ-1'
** UBA
wi
Status Connection
111/111
1.0 OPEN FLOW-FROM 'SURFACE'
*AIMSET CON 3
*GEOMETRY *K 0.009236 2.0 0.50 0.0
** UBA
wi
Status Connection
PERF SLIMTUBE 'PROD-20'
** UBA
wi
Status Connection
500 1 1 / 2 1 1
1.0 OPEN FLOW-TO 'SURFACE'
*TIME 1.2
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APPENDIX B
LET correlation code for the automated history match used to obtain relative
permeability

//var Pcow=Pcowtd //var Pcowi=Pcowfi; //var Pcowsi=Pcowfd;
//Please Write Your Code Below This Line
var sgmin=Sgcon;
var sgmax=1-Soirg-Swcon;
var klglines = "**$ sg krg krog ";
var sg=sgmin;
var Lowsi=Lowfd;
var Eowsi=Eowfd;
var Towsi=Towfd;
var Lowfi=Lowfg;
var Eowfi=Eowfg;
var Towfi=Towfg;
var krg, krog,sgn;
while(sg<=sgmax+0.000001)
{
if(sg<=Sgcrit)
{
krg=0;
}
else
{
if(sg<1-Soirg-Swcon)
{
krg=Krgcl*(Math.pow((sg-Sgcrit)/(1-Sgcrit-Soirg-Swcon),Lowfd)/(Math.pow((sg-Sgcrit)/(1-SgcritSoirg-Swcon),Lowfd)+(Eowfd*Math.pow((1-sg-Soirg-Swcon)/(1-Sgcrit-Soirg-Swcon),Towfd))));
}
else
{
krg=Krgcl;
}
}
var nextSg=sg+0.01;
if(sg>1-Sorg-Swcon|| nextSg>sgmax+0.000001)
{
krog = 0;
}
else
{
if(sg>Sgcon)
{
krog=Krogcg*(Math.pow((1-sg-Sorg-Swcon)/(1-Sgcon-Sorg-Swcon),Lowfg)/(Math.pow((1-sg-SorgSwcon)/(1-Sgcon-Sorg-Swcon),Lowfg)+(Eowfg*Math.pow((sg-Sgcon)/(1-Sgcon-SorgSwcon),Towfg))));
}
else
{
krog=Krogcg;
}
}
klglines+="\r\n"+"
"+sg.toFixed(3)+"
"+krg.toExponential(4)+"
"+krog.toExponential(4);
sg=sg+0.01;
}
klglines;
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