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Abstract: The current handling of gas associated with oil production poses an environmental risk.
This gas is being flared off due to the technical and economic attractiveness of this option. As flared
gases are mainly composed of methane, they have harmful greenhouse effects when released into
the atmosphere. This work discusses the effectiveness of using this gas for enhanced oil recovery
(EOR) purposes as an alternative to flaring. In this study, a micromodel was designed with properties
similar to a sandstone rock with a porosity of 0.4, and computational fluid dynamics (CFD) techniques
were applied to design an EOR system. Temperature effects were not considered in the study, and
the simulation was run at atmospheric pressure. Five case studies were carried out with different
interfacial tensions between the oil and gas (0.005 N/m, 0.017 N/m, and 0.034 N/m) and different
injection rates for the gas (1× 10−3 m/s, 1× 10−4 m/s, and 1× 10−6 m/s). The model was compared
with a laboratory experiment measuring immiscible gas flooding. Factors affecting oil recoveries,
such as the interfacial tension between oil and gas, the viscosity, and the pressure, were studied in
detail. The results showed that the surface tension between the oil and gas interphase was a limiting
factor for maximum oil recovery. The lower surface tension recovered 33% of the original oil in place.
The capillary pressure was higher than the pressure in the micromodel, which lowered the amount of
oil that was displaced. The study showed the importance of pressure maintenance to increase oil
recovery for immiscible gas floods. It is recommended that a wider set of interfacial tensions between
oil and gas be tested to obtain a range at which oil recovery is maximum for EOR with flared gas.

Keywords: immiscible gas flooding; enhanced oil recovery (EOR); flared gas; APG; oil and gas
interfacial tension; computational fluid dynamics (CFD); micromodel

1. Introduction

Associated gas, also known as associate petroleum gas (APG), is a combination of
gases produced as a by-product of the activities of a crude oil refinery. It is found dissolved
in oil or as a gas cap in the oil reservoir. It is common practice to flare off APG during
oil production and processing, mainly due to the lack of regulatory policies that prevent
the practice as well as the limited level of monitoring. Gas flaring is carried out due to [1]
operational safety, which includes unwanted gas diversions or routine gas disposal and
venting off to prevent gas build-ups in pipelines, and the cost of flaring being lower than
the cost of processing and transporting APG to a suitable market.

APG is mainly composed of natural gas, which can be up to 90% methane and includes
smaller amounts of other hydrocarbons. Gas percentages of methane as high as 93%
and as low as 7% have been documented [2,3]. The World Bank estimated that about
140 billion cubic meters were flared off in 2018 [4] and initiated the Global Gas Flaring
Partnership (GGFP) as an incentive for stakeholders to find alternative uses for flared gas.
Figure 1 illustrates the global flaring intensity. Although efforts have been made to lower
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these figures, countries in Africa, South America, and South Asia exhibit an increase in
flaring intensity despite having lower oil production when compared to other countries
such as Russia. The high recorded volumes of flared gas provide an opportunity for the
development of new markets for the associated gas.
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There are many viable solutions to this problem. The production of electricity can be
achieved by the use of gas, steam-driven turbines, or reciprocating internal combustion
engines [5,6]. Associated gas can be used as a raw material in the production of hydrogen
fuel and syngas or for the manufacture of commodities such as rubber, paint, steel, and
glass [7,8]. Liquifying associated gas and using it for domestic and industrial purposes also
offers a suitable alternative to flaring, although the cost of storage needs to be considered [9].
APG with high concentrations of methane can be used as a substitute for natural gas and
used to run natural gas engines [10].

Andres et al. [11] proposed enhanced oil recovery (EOR) as an alternative to flaring
off the gas, noting that the definition of EOR has been continuously reviewed in the
petroleum industry [12]. The production of oil can be divided into three main stages:
primary, secondary, and tertiary extraction. However, there has been a drift from the use of
these chronological descriptions, and instead the oil and gas industry tends to refer to these
stages as primary, secondary, and EOR [12]. Primary oil recovery occurs when natural
reservoir energy displaces oil and gas from a reservoir. As reservoir pressure decreases,
artificial lift systems are then implemented. A further decrease in the reservoir pressure
results in primary production becoming uneconomical; hence, alternative forms of oil
recovery are explored.

Enhanced oil recovery is the terminology used for activities carried out under the
secondary and tertiary recovery of oil [13]. Secondary oil extraction activities are mainly
water flooding but can include gas injection and pressure maintenance. Tertiary recov-
ery is increasingly energy intensive, comprises activities involving the use of chemicals
and thermal energy, and is usually carried out when the secondary recovery process
becomes uneconomical.

EOR is one of the main technologies used to maintain oil reserves. It has been reported
to recover between 35–50% of the original oil in place (OOIP) [3,4]. Anthropogenic CO2
has historically been used for gas injection, as it simulated oil production while tackling
CO2 emissions by carbon sequestration, and it has been documented to have favourable
economics [14]. However, its availability is limited, and further research into the use of
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nitrogen and lean gas (C1) has been conducted [6,7]. The use of flared gas in EOR is still
considered unconventional, as more common applications involve setting up full-scale gas
processing industries.

Research into the re-injection of gas into a reservoir as an alternative to flaring has been
explored, and the economic and environmental merits of this have been considered [11,15]. The
re-injection of associated gas for EOR comes with challenges, as a number of interconnected
decisions need to be made for it to be successful, and data on the economic implementation
are limited to single drill-ready surfaces, which do not reflect realistic systems [16].

Farouq et al. [17] gave an outline of the performance of different EOR methods, with a
focus on the mobility ratio and capillary number. A capillary number is a dimensionless
group that defines the relationship between the viscous forces and interfacial tension forces
that govern fluid flow. A high capillary number is favourable, as it increases oil recovery.
The study also highlighted the importance of geological factors and temperature effects in
the prediction of oil recovery. They highlighted the different forms in which methane can be
used for EOR. These include enriched gas, flu gas, and miscible/immiscible hydrocarbons.
The study suggested the use of enriched gas rather than lean gas for better miscibility and
higher oil recovery. However, it should be considered that the lower the miscibility, the
higher the pressure requirements.

Jin et al. [18] studied WAG flooding with CO2 with a varying composition of methane.
Their study showed that miscible oil recovery with methane as an impurity in CO2 could be
maintained up to 30 mol%, after which recovery became immiscible. Srivastava et al. [19]
conducted laboratory-scale core flood experiments comparing flue gas, APG (75% methane),
and CO2 for immiscible gas displacement. In immiscible gas displacement, the viscosity
became the most important mechanism for recovery. CO2 outperformed APG in recovery.
However, its cost, when compared to APG, was much higher, and its availability was lower
than APG. APG outperformed flue gas, giving a better viscosity reduction and higher oil
swelling. Yin et al. [20] conducted a similar experiment with higher concentrations of CO2
in APG. They concluded that an increase in CO2 increased recovery, and this could be
attributed to the decrease in MMP.

When considering cost, APG outperforms other gases, mainly due to its ready avail-
ability, as it is often a by-product of primary recovery. In their review of EOR, Alvarado and
Manrique [21] stated that the use of natural gases and associated gas is more economical
for offshore fields and fields in remote locations without access to gas markets or gas
condensate reservoirs.

APG has also been considered as the gas solvent in WAG injection. These opera-
tions are efficient, as they give better volumetric sweeps and fluid displacement. Ah-
madi et al. [22] carried out a comprehensive laboratory analysis of continuous and WAG
injection methods for heavy oil recovery. APG outperformed water, hot water, CO2, and
N2, giving an ultimate recovery of 73%. Through their experiment, they found that the
mobility ratio between oil and gas was much lower when compared to the other cases.

Yu et al. [23] carried out experiments injecting natural gas in tight oil reservoirs using
the WAG flooding method. From the sensitivity analysis that was conducted, the injection
flow rate of the gas played an important role in recovery. Lower gas injection rates were
noted to have higher oil recoveries than higher injection rates.

Other than the physical properties of the solvents, Thomas et al. [24] discussed
how macro-parameters, including rock geology, heterogeneity, and pressure, and micro-
parameters, including gas–fluid interactions and pore size distribution, affect oil recovery
and the flooding process. They argued that achieving a perfectly miscible oil recovery was
highly improbable, as most solvents will have an IFT with oil that tends to zero rather than
a perfect zero. They proposed that a more effective metric when studying oil recovery
would be the interactions between the viscosity, IFT, and pore size distribution.

The use of micromodels to study oil properties is now widely accepted to study undis-
covered processes and improve the understanding of existing theories [25]. CFD-based
micromodels give valuable information on oil recovery systems from miscible/immiscible
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displacements, flow wettability, capillary effects, and the effects of interfacial tension. The
use of micromodels for oil recovery has been reviewed to show the potential of the concept.

Gharibshahi et al. [26] studied the thermal enhanced oil recovery of heavy oil using
CFD. They used a 2D micromodel as the porous medium. A random pore distribution
network was used for the geometry design based on a glass micromodel used for a similar
experiment [27]. The multiphase mixture model was applied to solve equations for the
continuity, volume fraction, momentum, and energy; the obtained results were in good
agreement with the experimental data.

Zhong et al. [28] used CFD and a micromodel to study two-phase micro-flow water and
polymer flooding. They used the volume of fluid (VOF) model to solve for the momentum,
continuity, and phase equation of the two-phase interphase. The VOF method, created by
Hirts and Nichols [29], was modelled to track the volume fraction of different phases and
to approximate the multiphase interphase. For the geometry, they considered an etched
pore pattern to reflect the geometric and topological properties of real rocks and built a 2D
micromodel from this. The pore network that was formed was complex and reflected the
topological features of real rocks, which increased the realism of the simulation.

Hornbrook [30] and Clemens et al. [31] also carried out an etching process to design
a micromodel for the study of foam–oil interactions and performed a CFD evaluation of
polymer flooding using a micromodel.

The VOF model is widely used to simulate multiphase flow in micromodels. However,
it is limited, as it has parasitic velocities, which tends to be the case with all multiphase
numerical models. These errors appear as a result of the interface curvature, which is
used to calculate the surface tension [32]. The error that is formed is carried forward to
the momentum equation; the velocity terms then have to balance these errors, causing
spurious velocities. Capillary forces dominate at a microscale, and the bias formed by this
phenomenon is increased, compromising the accuracy of the simulation results [33,34].

Doorwar and Mohanty [35] studied viscous fingering on heavy oil recovery using an
etched pore pattern micromodel. Viscous fingering is a phenomenon caused by a poor
volumetric sweep. It is characterized by a fingered profile formed by the solvent when
it bypasses sections within the reservoir that contain oil. The authors carried out water
flooding, polymer flooding, and surfactant flooding on the porous media. The observed
patterns of viscous fingering were similar to the real nature of viscous fingers.

Ahmadi et al. [36] used a micromodel with a uniform pore network for their study on
reservoir heterogeneity and the capillary number. They compared injection well locations
using experimental data and data from CFD studies. They concluded that both sets of
data agreed.

From the reviewed work, the use of a micromodel in CFD provides valuable insights
into injected solvent and oil interactions and the effects on overall oil recovery. Applying
field conditions or creating a detailed rock formation in the laboratory is almost impossible.
Using CFD in place of experiments on the APG used for gas flooding is less costly and
allows for a most precise replication of reservoir conditions. CFD has also been tried, tested,
and proven to be a reliable source of data on oil recovery operations, as reviewed above.

Numerical simulation, experimental studies, and theoretical approaches are commonly
used to model real-life conditions and to study flow field behaviour. Experiment-based
studies are solved using empirical methods, while theoretical methods use the governing
equations of fluid mechanics and heat transfer. CFD takes a numerical approach. CFD
enables the study of conditions that are difficult or dangerous to achieve in a laboratory,
and the scaling up of experimental results is made possible with this tool. It enables the
precise collection of data to solve the problem from a flow field model. More importantly,
the cost of running CFD calculations is lower than that of an experimental test, which
makes it a useful tool for companies trying to create hybrid EOR methods that need to be
simulated to check their real-life viability.

This CFD study of flared gas for enhanced oil recovery using a micromodel is divided
into three core sections, followed by a conclusion that gives a summary of the findings and
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future work. In Section 1, a review of the state of non-thermal enhanced oil recovery is
presented. The research areas relevant to the objectives are the factors that influence oil
recovery by gas flooding and the application of flared gas (APG) in oil recovery as well as
experimental studies on enhanced oil recovery using micromodels and CFD. In Section 2,
the proposed geometry and simulation parameters are presented. A further investigation
into the governing principles of the simulation parameters is conducted. Five case studies
to compare the influences of the interfacial tension between the oil and gas and the injection
rates of the gas into the reservoir are outlined. In Section 3, the results from the study as
well as an in-depth discussion and analysis are presented. Section 4 gives a summary of
the work and the conclusions of the study. Areas for further research are discussed.

This paper presents a study on the effectiveness of flared gas for enhanced oil recovery
using computational fluid dynamics. The objectives are to design a micromodel geometry
for the study and select parameters for the simulation using FLUENT 2019 R2 software,
compare the simulated model with experimental data, evaluate the mechanisms that govern
the displacement of oil from reservoirs by flared gas, and propose a viable solution for
using flared gas for oil recovery. From the analysis, it was found that lowering the surface
tension improved oil recovery. However, the accuracy of the results was limited by the
effects of numerical dispersions within the simulation when predicting the volumetric flow
rates of oil.

2. Methodology
2.1. Geometry

The geometry considered in this CFD study was inspired by Jafari et al. [37], who
used a similar geometry for their study on a biosurfactant flooding into a micromodel.
Workbench 2019 R2 and Design Modeler were used to create the micromodel, which was
the porous medium. The geometry, which was modified for this study, had a random pore
network (see Figure 2 (measurement in meters)). The micromodel was modelled in two
dimensions (2D) for faster computational speeds.
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Taber et al. [38] curated a list of screening criteria for different EOR methods. The
recommended porosity for immiscible gas flooding was <0.6. With this in consideration,
the geometry was built by randomly distributing 220 circles with different diameters in the
domain of the porous medium. Table 1 shows the size distribution of the circles used to
form the porous medium. A porosity of 0.4 was obtained by subtracting the surface area
of the circles from the main domain. Inlet and outlet ports are displayed on the left and
right sides of the geometry, respectively. The dimensions of the model were 21 cm in length
and 9 cm in height. The inlet and outlet were each 1 cm long. The model was oriented
horizontally to minimize the effects of gravity.
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Table 1. Circle diameters and quantities.

Diameter (mm) Number Percentage Area (%)

1.4 10 35
1.0 19 35
0.8 69 15
0.6 124 15

2.2. Mesh Generation

Figure 3 shows the mesh that was used, which was unstructured with triangular
cells. Figure 4 shows the mesh from a magnified section of the porous medium. After
experimentation, triangular elements were preferred because they gave a better quality
mesh around the curves.
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A mesh’s element size and type influence the solutions for numerical equations.
Therefore, the mesh size selection was important to obtain accurate results. Three meshes
with different element sizes were generated. A mesh independence study was conducted
to make sure the solutions from the numerical equations were independent of the mesh
size. For this study, APG was assumed to flow into the porous medium at a 0.001 m/s
velocity with a time step of t = 0.002 s, and the total pressure drop was assessed and used
to compare the results of the different meshes that were considered.
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2.3. Boundary Conditions

The boundary conditions were set as the velocity inlet and pressure outlet at the
inlet and outlet port, respectively. The walls of the porous geometry (the outer walls and
the circles) were set as the stationary wall with no slip. In this study, the effects of the
contact angle for the gas/oil interphase were neglected for simplicity. At the point of
initialization, the porous medium was saturated, with an oil density of 870 kg/m3 and a
viscosity of 0.087 kg/ms. An initial gas flooding was conducted at a velocity of 0.001 m/s
with a gas density and viscosity calculated to be 0.884 kg/m3 and 1.16142 × 10−5 kg/ms,
respectively [38]. The surface tension for the first case that was investigated was set as
0.034 N/m [39,40]. Simulations were carried out using the Fluent 2019 R2 CFD software.

2.4. Governing Equations

EOR processes are distinctive in character and are based on different reservoir condi-
tions, oil, and injection fluid on the base level. The complexity of the EOR process increases
with definitions of solid particles, gas bubble formations, and precipitations [41]. When
selecting a multiphase model, these factors therefore need to be considered. Numerous
models for analysing multiphase flow are available [42], with some of the more commonly
used being the Eulerian mixture and VOF models and the Eulerian–Eulerian model, as
presented [43,44].

For this study, the VOF model was selected to investigate the multiphase flow. This
model uses momentum equations and the volume fractions of fluids to solve multicom-
ponent systems. The model includes the effects of surface tension for both phases along
the cross sections. The equations of volume fraction, continuity, and momentum for
microscopic flow using this model [45,46] are provided in Equations (1)–(3):

Volume fraction equation:
n

∑
q=1

aq = 1 (1)

Continuity equation:

1
pq

[
∂

∂t
(
aqρq

)
+∇·(aq pq

→
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Momentum equation:
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v ) + (∇·ρ→v→v ) = −∇P +∇·[µ

(
∇→v +∇

→
vT )

+ ρ
→
g +

→
F ] (3)

Brackbill et al. [47] proposed an equation to model the IFT between the oil and injected
fluid interphase, as shown in Equation (4). The equation shows how the VOF model is
used to calculate the IFT. The surface force (F) is calculated per unit of interfacial area. It is
a function of the curvature of the interphase (k).

F = (σKn +∇σs)δ (4)

2.5. Viscous Model

After testing different laminar and turbulence models, the k-omega SST model was
selected for the simulation, as it gave the best convergence of residuals when compared to
the laminar and standard k-epsilon models. Residuals give the magnitude of error for the
governing equations as the iterations progress. The residuals for velocity, k, and omega
were <1× 10−4, while those of continuity were <1× 10−3, which were within an acceptable
range. This model was previously used for porous models with some success [48].

2.6. Solution Methods

The pressure velocity coupling method was selected was coupled. The least-squares
cell-based method was used for the gradient, as it has fast computational speeds. The
pressure and momentum methods were PRESTO! and second-order upwind, respectfully.
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2.7. Case Studies

To determine the effectiveness of APG for EOR using CFD, the most influential fac-
tors for immiscible gas recovery had to be analysed. From the review, IFT has the most
significant influence on the amount of oil recovered by immiscible gas flooding. Data on
IFT values for oil and gas are limited, although the range for oil and gas IFT is between
0 and 0.034 N/m (0.001 N/m=1 dyne/cm). An increase in IFT is an increase in the immis-
cibility between the oil and gas phases. For APG, standardizing its composition is nearly
impossible. By testing a range of IFT values between the oil and gas, information on an
optimal range within which APG is most favourable for EOR was obtained. FLUENT soft-
ware enables the manipulation of IFT values. To test this theory, IFT values of 0.034 N/m,
0.017 N/m, and 0.005 N/m were selected. Table 2 gives a summary of the cases studied.
Temperature effects within the micromodel were neglected to simplify the study.

Table 2. Summary of cases studied.

Case No. IFT (N/m) Gas Injection Velocity (m/s)

1 0.034 1 × 10−3

2 0.017 1 × 10−3

3 0.005 1 × 10−3

4 0.034 1 × 10−4

5 0.034 1 × 10−6

Varying injection rates were also tested to determine if these had an influence on the
overall oil recovery. The recommended injection rate is 12 ft/day [49], which is equivalent
to 1× 10−6 m/s (1× 10−11 m3/s of APG). Three injection rates were tested with the highest
immiscibility (0.034 N/m): 1 × 10−3 m/s, 1 × 10−4 m/s, and 1 × 10−6 m/s.

3. Results

An analysis of the results obtained from the simulations carried out on cases 1–5 was
performed. Cases 1–3 were compared regarding the effectiveness and efficiency of oil
displacement for immiscible gas flooding. Cases 4 and 5 were used to compare the effect of
lowering the injection rate on overall recovery. Running each case on the Cranfield HPC
(high-performance computing) system took an average of 10–14 days per case for 300 s
worth of data.

3.1. Mesh Independence Study

The results of the mesh independence study are shown in Table 3. The relative error
between grids 2 and 3 was larger than that obtained between grids 1 and 2. Grid 1, with
13,950 cells, was chosen to run the simulations, as it appeared that the results obtained
with grids 1 and 2 were relatively close, showing some sort of convergence. Grid 1 had
a lower number of cells, thus contributing to the lower computational time required for
a simulation.

Table 3. Mesh independence.

Grid No. No. of Cells DP (Pa) Relative Error (%)

Grid 1 13,950 0.2276
4.6573

Grid 2 17,217 0.2382

5.2477
Grid 3 42,210 0.2507

3.2. Model Comparison

To try to check the numerical model, the oil recovery results from the simulation were
compared with experimental data [50]. The experiment analysed immiscible gas flooding
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using air as the gas solvent. Case 1, with an IFT of 0.034 N/m, was selected to compare
with the experiment. Air is highly immiscible with oil, which made the comparison with
case 1 most appropriate. Both the experiment and the simulation were conducted at
atmospheric pressure and neglected temperature effects. Figure 5 shows the comparison of
the OOIP recovered from the simulation and the experiment. The simulation had a higher
oil displacement (33% of OOIP) than the experiment (22% of OOIP).
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Figure 5. Comparison of OOIP recovered from the simulation and experiment.

The inlet and outlet ports for the model were smaller than that of the simulation,
although this did not have an effect on the flow patterns formed by the gas in the porous
domain. A study showed that the pore structure significantly affected the effect on the
amount of oil displaced, with more uniform and circular pores leading to more oil dis-
placement than pores that were not uniformly structured [51]. Although the shape of the
micromodel for the simulation and experiment differed, they both had similar random
pore structures, as shown in Figures 6 and 7. However, the porosity for the experimental
setup was 0.3, while that of the simulation was 0.4.
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Figure 7. The volume fraction of residual oil (blue) from the simulation after breakthrough.

Figures 6 and 7 show a comparison of the residual oil from the experiment and
simulation at the breakthrough point, respectively. Both models displayed severe gas
override and viscous fingering. The experimental setup had more fingered branches due to
its lower porosity, which translated to higher capillary forces within the porous domain.

3.3. Inlet Pressure Profile

Figure 8 shows the pressure at which the APG was injected into the micromodel for
cases 1, 2, and 3. Along the profile of the micromodel, the inlet pressure decreased for all
three cases. At the beginning of the simulation, the pressure was high and dropped sharply
as the simulation progressed, levelling off at atmospheric conditions.
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3.4. Oil Displacement

Figure 9 shows the flow of APG in case 1 at different times. The gas phase is repre-
sented by the red colour, while the oil phase is blue. A fingering effect was seen almost
immediately, as the gas fluid formed a path through the crude oil. From the figure, the
breakthrough occurred at 210 s. A breakthrough is defined as a point at which a fluid that
was previously isolated from production gains access to a production site or wellbore.
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Figure 9. Volume fraction of oil displaced (blue) at different times by injected APG (red) for case 1.

Figure 9 also shows that the gas displacement of the oil on the pore level tended to
flow through the larger pores. This is shown clearly in Figure 10, where gas was trapped by
the surrounding oil. The narrower pores showed little to no movement of the gas within
them. At 300 s, Figure 9 illustrates little breakthrough of APG. At this point, the majority of
the oil was trapped in capillaries, and recovery appeared to have reached its peak.

Figure 11 shows a comparison of cases 1–3 at 300s. The colour gradient runs from
blue (oil volume fraction at this point is 1) to red (APG volume fraction at this point is 1).
Figure 11c displays the smallest amount of trapped oil, with (a) displaying the highest.
Figure 11 shows the potential for continued oil recovery where the time for simulation was
extended. However, viscous fingering was apparent in all three cases. Less oil entrapment
could be attributed to the lower surface tension providing relatively lower immiscible
conditions and, consequently, a lower mobility ratio for the oil and gas solvent in Figure 11c
when compared to Figure 11a,b.
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Figure 11. Comparison of oil displaced at 300 s for (a) 0.034 N/m (case 1), (b) 0.017 N/m (case 2), and
(c) 0.005 N/m (case 3). The blue region represents the volume fraction of oil, and the red represents
the volume fraction of APG.

Figure 12 illustrates the volumetric flow rate for the oil produced in cases 1–3. The
volumetric flow profile was not fully developed at 300 s, but from the initial stages it was
clear that the surface tension had an effect on the gas fluid flow through the micromodel. At
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0.034 N/m, the flow exhibited negative volumes, which could be interpreted as backflows.
The volumetric flow at 0.005 N/m experienced little to no resistance and was comparatively
the steadiest of the three.
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Figure 12. Volumetric flow rate of oil produced against time for case 1, case 2, and case 3. The flow
for case 1 (0.034 N/m) was characterised by negative volumes.

When compared to the oil displacement contours of Figure 11, the volumetric flow
profiles show that oil entrapment can cause oscillatory velocities and backflow. This
explains the negative volumetric flow rate seen in these cases. A higher IFT caused more
resistance to flow within the porous domain. Generally, the volumetric flow of injected
APG in the porous medium was low.

3.5. Pressure and Shear Stress

Figure 13 shows the contours for pressure within the porous domain for case 3. From
the figure, the path through which the gas fluid flowed exhibited the lowest pressure. This
held true within the domain but not near the walls of the porous medium, which had
relatively higher pressure. When compared against the contours of wall shear stress, as
seen in Figure 14, the pressure along the walls was identical. The three cases showed
identical contours for pressure and shear stress.
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Figure 14. Contour of wall shear stress for case 3 at 300 s.

3.6. Oil Recovery

The oil recovery is given by the difference between the OOIP and the displaced oil.
Figure 15 shows the amount of oil recovered for the different surface tension cases that
were simulated. The lower surface tension (case 3) exhibited the highest recovery, while for
the higher surface tension (case 1) recovery was significantly lower. Figure 16 shows the
trend for oil recovered for cases 1, 2, and 3, with recovery levels of around 30–33% OOIP.
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Figure 16. Effect of surface tension on oil recovery.

Case 1 (0.034 N/m) appeared to have obtained its upper limit at 30–31% OOIP recov-
ered. However, the recovery profile for case 3 (0.005 N/m) continued to slope upwards.
With a longer simulation, it is possible that more oil recovery would have been recorded.
For immiscible oil recovery, viscosity played a major role in oil displacement. Figure 17
shows a contour plot for viscosity in the micromodel. The plot illustrates the viscosity
reduction action of APG in the porous domain.
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3.7. Effect of Injection Fluid Velocity

Table 4 shows the oil recovery for case 1, case 4, and case 5, which had different
interjection rates. From the data, there did not seem to be a direct correlation between the
injection rate and the amount of oil displaced.
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Table 4. Oil recovery for different injection rates.

Case No. Injection Rate (m/s) Oil Recovery (% OOIP)

Case 1 1 × 10−3 31.6
Case 4 1 × 10−4 27.3
Case 5 1 × 10−6 29.9

3.8. Discussion

The model comparison was a good indication that the simulation was in line with
the expectations from the literature, although it was limiting in that the gas solvent that
was used (air) was not the same as APG. The gas that was used and the porosity explained
the different fingered profiles between the simulation and experiment. Additionally, the
numerical dispersion within the simulation could limit the accuracy of the results.

The inlet pressure for EOR using APG continuously decreased over time. The pressure
contours also showed a decrease in pressure within the domain along the path travelled
by the gas. For this recovery method to be effective, the data show that external pump-
ing would be required to maintain the reservoir pressure [50]. This has to be put into
consideration when selecting an EOR method, as it affects the overall cost of recovery.

Another indication that the system should be pressurized externally was the high
volume of oil being trapped within the capillaries. From the results, the narrower pores
showed little to no movement of the gas within them; this was theoretically suggested by
Chatzis and Dullien [52]. They stipulated that the gas phase displacing the oil interphase
breaks through the largest of two pores at a neck. This causes the entrapment of oil in the
smaller capillaries. In an immiscible gas injection, capillary forces are dominant within
the pores. Capillary pressure resists the entry of gas into pores, and gas pressure cannot
easily overcome the capillary barrier and move to the oil phase, enabling displacement.
This leads to the entrapment of gas bubbles around the oil. For this to be overcome, the
reservoir pressure should exceed the capillary pressure.

The surface tension between the crude oil and the injected gas interphases has a
significant impact on oil recovery. Oil recovery with APG injection is immiscible. The
interfacial tension for crude oil and various gases has a wide range, depending on the
temperature and viscosity (composition) of the oil and the gas composition. This creates a
challenge when standardizing the selection of an EOR method for a reservoir. A pilot-scale
test must be conducted to ascertain the effectiveness of such an EOR method.

This study on IFT indicates the range within which IFT becomes a limiting factor for
maximum oil recovery. From this study, case 3, with an IFT of 0.005 N/m, performed
better than cases 1 and 2, which had higher surface tension values; this was in line with the
literature. At higher IFT values (cases 1 and 2), oil recovery reached its maximum within
300 s of the simulation. A viscosity reduction within the porous domain is an indicator of a
lower IFT between the oil and gas and better oil mobility in these regions.

However, all cases were characterised by common markers that make EOR with
immiscible fluids less effective when compared to other EOR methods such as miscible
gas flooding.

Immiscible fluids tend to have high mobility ratios (>1). This has an effect on the
stability of the oil displacement, which propagates to a poor (volumetric) sweep within
the reservoir [53]. From the study, viscous fingering and gas override were observed. Gas
override occurs when the injected gas bypasses paths that would lead to oil displacement
instead of following a preferential path, mainly due to buoyancy effects. This causes the
gas to flow in the upper part of the domain, as was observed in the study. High capillary
forces, gas override, and viscous fingering typify immiscible gas injections in EOR.

To improve oil recovery for immiscible gas injections, the natural tendency of injected
fluid defaulting to gas overrides (resulting in flows to the producing well directly under
gravitational forces), and pressure differentials within the reservoir must be overcome [54].
To accomplish this, the fluid properties that enhance these characteristics and the gravita-
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tional effect on the fluid must be mitigated. One solution is to adopt WAG recovery, which
has been proven to improve sweep efficiency by lowering immiscible gas mobility ratios,
leading to better oil recovery. Hydrocarbon solvent, foam, and polymer injections have also
been proven to change the viscosity of the injected fluid, leading to lower mobility ratios.

The injection rate influences the pressure within the micromodel porous domain
(reservoir). In the study, however, the effect of the injection rate on the oil recovery was
inconclusive. The was no direct effect on oil recovery with an increase or decrease in the
gas injection rate. This was possibly because capillary pressure within the domain was a
limiting factor to oil recovery for the simulation.

In a particular study, a wide range of gas compositions were tested for immiscible
and near-miscible conditions in reservoir conditions [55]. From their analysis, surface
tension values as high as 0.0195 N/m and as low as 0.00055 N/m exhibited oil recovery for
immiscible conditions. For immiscible injection, the typical oil recovery has been estimated
to be less than 60% OOIP [54,56], with some experiments recording oil recoveries as high as
90% [57] and others as low as 22% [50]. The results of the work performed in this study were
within range of what has been conducted experimentally on EOR with immiscible gases.

However, macro-parameters that were not considered for this study (such as the
rock geology, temperature, and reservoir saturation) need to be considered to conclusively
determine the effectiveness of APG for EOR. Although the results were promising, more
work needs to be carried out to address the limitations faced in this study.

From the analysis, the viscosity of the fluids is one of the main driving factors for oil
recovery by immiscible gas flooding. A lower viscosity for reservoir fluids leads to a better
breakthrough, which translates to higher rates of recovery.

Another factor is the capillary pressure. This drives the movement of oil out of the
porous domain. Capillary pressure should be kept low/overcome to allow for better recovery.

Lastly, reservoir conditions, which include factors such as the relative permeability,
rock formations, and reservoir temperatures, were beyond the scope of this study. These fac-
tors, however, play an important role in determining the overall effectiveness of immiscible
gas flooding for oil recovery.

4. Conclusions

This paper presented a study on the effectiveness of associated petroleum gas for
enhanced oil recovery. The main factor that influences oil recovery for gas injection
with APG was identified from the review to be the interfacial tension. Five case stud-
ies were carried out with different interfacial tensions between the oil and gas (0.005 N/m,
0.017 N/m, and 0.034 N/m) and different injection rates for the gas (1 × 10−3 m/s,
1 × 10−4 m/s, and 1 × 10−6 m/s) to test the hypothesis in Section 3. The results ob-
tained for the effect of surface tension were insightful and show promise as a basis for
future work.

In summary, a micromodel geometry was first constructed to resemble a sandstone
reservoir with a porosity of 0.4. This is within the range of reservoir porosity that is suitable
for immiscible gas floods. Second, the simulation of EOR with APG was successfully
performed using FLUENT 2019 R2 software. Temperature effects were not considered,
and the model was operated at atmospheric pressure for simplification. Third, an analysis
of the surface tension effects on EOR showed that it is a limiting factor for maximum oil
displacement. The lower surface tension had less oil trapped within the porous domain
and better overall oil recovery (33%). Forth, insights from the injection rate and IFT results
showed that reservoir pressure maintenance is an important consideration for EOR using
APG as the injection fluid because of the high capillary forces seen in the porous medium.
Finally, using associate petroleum gas for EOR as an alternative to flaring off the gas can
be effective when measures are put in place to improve recovery. The main consideration
would be the external pumping required to maintain the reservoir pressure. Alternatively,
combining the method with another EOR technique, such as WAG, would reduce the
overhead cost of pumping.
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5. Future Works

More tests with a wide range of interfacial tensions should be conducted because APG
and crude oil compositions are difficult to standardize. This will enable the establishment of
a database containing a range of optimal IFT values for maximum oil recovery. Comparative
studies with enriched APG under near-miscible conditions (surface tension < 0.001 N/m)
should also be conducted. Research comparing near-miscible and miscible gas flooding
has provided insightful data on the relevance of first-contact miscibility [54].

A sensitivity analysis on the effects of different concentrations of components that
form APG should be conducted. A similar study was carried out on injection gas for
EOR [53]. It showed the significance of the injected gas composition on reservoir conditions
during oil recovery. A laboratory core flooding experiment with APG under the exact
same conditions as in the simulation should be carried out for a more precise validation of
the model.

Though oil recovery with APG gas flooding seems feasible, flow assurance considera-
tions such as the effect of reservoir fluid compatibility with the injected gas, gas override
due to reservoir heterogeneity, and fingering effects should be assessed before progressing
to pilot-scale testing. This will include conducting a test on asphaltene deposition, rock
structures, and composition. At a pilot-scale level, the number and positioning of injection
wells and production wells will also need to be considered. More elaborate simulations
will have to be conducted to ascertain feasibility at this level.
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Acronyms

APG Associated Petroleum Gas
CFD Computational Fluid Dynamics
EOR Enhanced Oil Recovery
GGFP Global Gas Flaring Partnership
IFT Interfacial tension
IRR Internal Rate of Return
VOF Volume of Fluid
OOIP Original Oil in Place
RANS Reynolds-Averaged Navier–Stokes equation
WAG Water Alternating Gas
MMP Minimum Miscibility Pressure
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