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Abstract
Recently, carbon capture, utilization, and storage (CCUS) with enhanced oil recovery (EOR) have gained a significant trac-
tion in an attempt to reduce greenhouse gas emissions. Information on pore-scale CO2 fluid behavior is vital for efficient 
geo-sequestration and EOR. This study scrutinizes the behavior of supercritical CO2 (sc-CO2) under different reservoir 
temperature and pressure conditions through computational fluid dynamics (CFD) analysis, applying it to light and heavy 
crude oil reservoirs. The effects of reservoir pressure (20 MPa and 40 MPa), reservoir temperature (323 K and 353 K), injec-
tion velocities (0.005 m/s, 0.001 m/s, and 0.0005 m/s), and in situ oil properties (835.3 kg/m3 and 984 kg/m3) have been 
considered as control variables. This study couples the Helmholtz free energy equation (equation of state) to consider the 
changes in physical properties of sc-CO2 owing to variations in reservoir pressure and temperature conditions. It has been 
found that the sc-CO2 sequestration is more efficient in the case of light oil than heavy oil reservoirs. Notably, an increase in 
temperature and pressure does not affect the trend of sc-CO2 breakthrough or oil recovery in the case of a reservoir bearing 
light oil. For heavy oil reservoirs with high pressures, sc-CO2 sequestration or oil recovery was higher due to the significant 
increase in density and viscosity of sc-CO2. Quantitative analysis showed that the stabilizing factor (ε) appreciably varies 
for light oil at low velocities while higher sensitivity was displayed for heavy oil at high velocities.

Keywords  Carbon capture and utilization · Computational fluid dynamics (CFD) · CO2 geo-sequestration · Enhanced oil 
recovery (EOR) · Pore-scale investigation

Introduction

Fossil fuels will remain to be a dominant source of 
energy for the coming decades (Xie and Economides 
2009). The economical constraint over new hydrocarbon 
exploration activities has upsurged the development and 
deployment of enhanced oil recovery (EOR) methods. In 
depleted reservoirs, EOR techniques are implemented to 
maximize total oil recovery (Nwidee et al. 2016). Gen-
erally, a conventional hydrocarbon reservoir produces 
crude oil in three stages, namely primary, secondary, and 
tertiary stages. The tertiary stage refers to the produc-
tion of crude oil by different EOR methods. Tertiary oil 
recovery or EOR can be implemented through several 
methods including thermal recovery (Gharibshahi et al. 
2019), gas injection (Wang et al. 2018), chemical injec-
tion (Kumar et al. 2020; Sharma et al. 2016), low salinity 
waterflood (Behera and Sangwai 2020; Kakati et al. 2020; 
Seetharaman et al. 2020), microbial enhanced oil recov-
ery (mEOR) (Sakthipriya et al. 2016; Yernazarova et al. 
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2016), and ultrasonic stimulation (Alvarado and Manrique 
2010). These EOR methods are employed to increase the 
crude oil production so that the recovery factor could fur-
ther increase (Tunio et al. 2011). However, the non-stop 
increasing demand and exploitation of fossil fuels as an 
energy source (85% of total energy needs) (El-hoshoudy 
and Desouky 2018) have posed an environmental threat 
due to increasing greenhouse gas (GHG) levels in the 
atmosphere. Carbon dioxide (CO2) is one of the most sig-
nificant components of GHG emissions (Sharma 2011). 
According to isotopic composition studies, at present, 
approximately 32 gigatons of CO2 is released annually 
into the atmosphere (Huppert and Neufeld 2014). Gener-
ally, two possible solutions to mitigate this problem have 
been proposed, namely source-oriented methods and CO2 
storage and sink (Bachu 2000).

With new methods to utilize CO2 and reduce its foot-
print, many methods to store these gases have emerged 
recently (Markewitz et al. 2012). Carbon capture and 
storage (CCS) also known as CO2 sequestration inside 
geological formations is one of the prospective methods 
to mitigate CO2 emissions in the atmosphere (Rutqvist 
2012). CCS was first proposed by Marchetti (1977). 
Global warming and insufficient oil production from 
depleted reservoirs have led the scientific community 
to the development of CO2 injection and sequestration 
as a method for EOR (Azzolina et al. 2016; Gaspar Rav-
agnani et al. 2009). Carbon dioxide can be entrapped 
inside the subsurface pore spaces by virtue of any of the 
following mediums: trapped beneath impermeable layers, 
trapped as an immobile phase, dissolved into formation 
fluids, adsorption onto the formation rocks, and organic 
matter such as shale (IPCC 2006; Ahmadi et al. 2016). 
The use of CO2 for EOR is one of the most prominent 
methods of gas injection applications (Hashemi Fath and 
Pouranfard 2014). According to the study conducted by 
the Department of Energy (DOE), next-generation CO2 
EOR technologies can result in up to 137 billion bar-
rels of additional technically recoverable oil from cur-
rent reserves for the USA (Kuuskraa et al. 2011; Li et al. 
2016). Previous studies revealed that CO2 EOR processes 
can improve oil recovery by 7–23% of original oil in 
place (Martin and Taber 1992). Currently, the CO2 EOR 
method contributes to 5% of the total USA’s crude oil 
production (Enick et al. 2012). CO2 EOR is also being 
implemented on a large field scale in China (Hill et al. 
2020). Interestingly, CO2 exists in a supercritical state 
below a depth of approximately 800 m and has a density 
of approximately 600 kg/m3 (much higher as compared 
to 2 kg/m3 at the surface) (van der Meer et al. 2009). CO2 
exists in a supercritical state under reservoir conditions 
of more than 7.38 MPa and 304.21 K (Carbon dioxide - 
gas encyclopedia air liquide | air liquide n.d.).

Figure 1 represents the phase change in the state of 
CO2 with varying pressure and temperature conditions 
(Witkowski et  al. 2014). CO2 at standard conditions 
(standard pressure and temperature, STP) generally 
behaves as gas, and at relatively higher pressures and 
low temperatures, it turns into solid ice. In case both 
pressure and temperatures get elevated, CO2 follows a 
fine line between properties of gas and liquid (above 
the triple point). With a further increase in pressure and 
temperature, it reaches a critical point (7.377 MPa and 
304.13 K) beyond which supercritical fluid nature domi-
nates (Nikolai et al. 2019), where it expands like gas but 

Fig. 1   Phases of CO2 under different conditions of pressure and tem-
perature (Pipich and Schwahn 2020)

Fig. 2   Schematic representation of the sc-CO2 miscible EOR process 
and mechanism
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Fig. 3   a Porous model of 160 
μm × 80 μm considered for the 
study. b Velocity streamtraces 
that distinguish high and low 
permeable paths

Fig. 4   Validation of the present numerical model with analytical correlation. a Time evolution of 4-mm air bubble inside the water tank. b Vali-
dation of CFD simulation for a rise of 4-mm, 6-mm, 9-mm, and 15-mm air bubbles
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bears density like a liquid. The unique property that is 
achieved at the supercritical state is its solubility (Peach 
and Eastoe 2014). Although it behaves as a non-polar 
solvent, it has a restricted affinity for polar molecules 
due to its large quadrupole. One of the vital contrasts of 
supercritical fluids with conventional solvents is com-
pressibility. The former required relatively smaller pres-
sures and temperature changes to alter its density which 
provides convenience to the solvating process, as com-
pared to conventional solvents.

Figure 2 describes a simplified process of supercriti-
cal CO2 (sc-CO2) EOR where sc-CO2 is directed into the 

reservoir through an injection well (Sagir et al. 2018). 
The sc-CO2 traverses through the pore spaces and inter-
acts with the oil phase to form a miscible bank or zone 
that trails a concentrated oil bank, which is eventually 
displaced towards the producing well. The produced CO2 
gas phase is separated, recompressed, and re-injected to 
repeat the cycle of the displacement process. To under-
stand and optimize the CO2 EOR flooding technique, one 
must understand the fluid phase behavior of CO2 under 
reservoir conditions and its interaction with formation flu-
ids. After sc-CO2 is injected into the reservoir, it becomes 
miscible (mutually soluble) with the in situ crude oil, 

Validation by tracking and profile of the interface
Boundary 

conditions and 
other fluid 
properties

(a)

UG = 0.035 m/s

UL 0.09 m/s

Surface tension = 0.031 

N/m

Water wall contact angle 

= 0°

where UG and UL are 

superficial velocities for 

gas and liquid 

respectively.

(b)

Vc = Vd = 1.197 mm/s;

µc = 44.1 mPa.s, µd = 

1.05 mPa.s,

Re = 0.00266, Ca = 

0.0023.

where µc and µd are 

viscosities of continuous 

and dispersed phase; Re
is Reynolds number and 

Ca is capillary number

Fig. 5   Validation of numerical model used in this work for a the gas-
liquid interaction from the experimental work reported by Guo and 
Chen (2009), where gas is the dispersed phase (being injected from 
top) and water in the continuous phase, and b the liquid-liquid inter-

action from the experimental work reported by Li et al. (2010), where 
surfactant (CTAC/NaSal aqueous solution) is the dispersed phase 
with silicon oil as the continuous phase
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especially with the lighter fraction of the hydrocarbon. 
This phenomenon is predominant when the crude oil com-
position constitutes lighter components (low carbon) and 
when the density of sc-CO2 is high. As the temperature of 
a reservoir increases, the density of sc-CO2 decreases, and 
the density of oil increases due to the flashing of lighter 
hydrocarbons (Wang et al. 2018). This situation demands 
higher pressure to achieve oil/sc-CO2 miscibility. This 
also hinders the mobility ratio and thereby reduces areal 
sweep efficiencies. Therefore, low-pressure reservoirs are 
poor candidates for sc-CO2-driven EOR activities (Liu 
et al. 2019). However, repressurizing them with water 
before sc-CO2 injection may be beneficial for efficient oil 

recovery. The physical force such as interfacial tension 
that exists between two immiscible phases (injection fluid 
and oil) disappears in the case of sc-CO2 injection that 
allows it to penetrate the pore spaces of the reservoir rock 
and remove trapped residual oils (Wang et al. 2019). As 
sc-CO2 dissolves into the oil phase, the overall displace-
ment process is improved owing to swelling and reduc-
tion of viscosity of the oil. However, an interface pertains 
between sc-CO2 and a heavier fraction of the crude oil, 
where miscibility of sc-CO2 is difficult to achieve.

The interaction of sc-CO2 and oil at the pore level is 
highly influenced by the local pressure and temperature 
continuum of the reservoir which subsequently dictates 

Fig. 6   a Free triangular mesh 
generated for simulation and 
mesh matrices. b Mesh sensi-
tivity study at different mesh 
refinements
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its physical property like density and viscosity. A study 
by Iglauer et al. (2019) shows that sc-CO2 sequestration 
performs significantly better in oil-wet media. Injection 
velocity of the displacing fluid, as well as oil proper-
ties, also plays a crucial role in determining the extent 
of interaction of fluids inside the reservoir (Zhang et al. 
2018). The trapping mechanism of CO2 in porous media 
is in the form of cluster patches, and these structures 
are dependent upon reservoir conditions (Iglauer et al. 
2011, 2016). Hence, a need to investigate the multiphase 
flow characteristics of oil and sc-CO2 at a pore-scale 
level is deemed necessary. A capillary trapping phenom-
enon of supercritical fluids has been studied previously 
in the literature. In the study of Connolly et al. (2017), 
the trapping of nitrogen at reservoir conditions in vari-
ous sandstone plugs was monitored using NMR. New 
advances in high-performance computing technologies 
have opened new doors to study and simulate different 
oil and gas upstream processes (Gharibshahi et al. 2015; 
Khalde et al. 2019; Medhi et al. 2020a, b; Ning et al. 
2019; Zhao and Wen 2017) among which computational 
fluid dynamics (CFD) is a powerful method. Simulation 
of EOR techniques at the pore-scale network has enabled 
researchers to have an in-depth understanding of mul-
tiphase fluid flow behavior (Clemens et al. 2013; Guo 

et al. 2019; Zhao and Wen 2017). Several imaging tech-
niques have also been adopted for geometry generation 
for pore-scale studies (Jha et al. 2020). CO2 migration 
inside porous media for sequestration, fracturing, and 
EOR activities has been investigated in several studies 
(Li et al. 2017, 2019; Xu et al. 2020).

Past studies have proven CFD as an efficient modeling 
and simulation technique for CO2 EOR methods. Simula-
tion and optimization of CO2 EOR in a reservoir for the 
Permian basin was conducted by Safi et al. (2016). The 
study concluded that the recovery factor can be signifi-
cantly improved by optimizing the injection parameters 
such as well distance and injection velocity. However, this 
study was done at a macroscopic level. Choi et al. (2011) 
studied the numerical simulation of fluid flow and heat 
transfer of supercritical CO2 flow inside a microporous 
media. The study investigated the effect of variable res-
ervoir fluid properties on the performance of supercriti-
cal CO2 injection, albeit for steady-state cases. Another 
study was conducted by Zhu et al. (2017) on CO2 injection 
below critical conditions for a microporous oil-wet media. 
The study examined the flow conditions under different 
capillary numbers and gravity numbers. These limited 
studies imply that the change in sc-CO2 physical proper-
ties inside porous media has not been considered during 

Table 1   Cases considered for 
simulations (C1 to C18) in 
this study for sc-CO2 geo-
sequestration

Case nos. 1 to 9 represent light oil study cases, and cases 10 to 18 represent heavy oil study cases
+ In Table 1 and elsewhere in figures and text, C1 to C18 represent a case number defining the simulation 
runs and not composition

Case no.+ Oil viscosity (kg/m/s) Oil den-
sity (kg/
m3)

Reservoir 
pressure 
(MPa)

Reservoir 
temperature 
(K)

sc-CO2 injec-
tion velocity 
(m/s)

Oil type

C1 0.0023811 835.3 20 323 0.005 Light oil
C2 0.0023811 835.3 20 323 0.001
C3 0.0023811 835.3 20 323 0.0005
C4 0.0023811 835.3 20 353 0.005
C5 0.0023811 835.3 40 323 0.005
C6 0.0023811 835.3 40 353 0.005
C7 0.0023811 835.3 20 353 0.0005
C8 0.0023811 835.3 40 323 0.0005
C9 0.0023811 835.3 40 353 0.0005
C10 0.048 984 20 323 0.005 Heavy oil
C11 0.048 984 20 323 0.001
C12 0.048 984 20 323 0.0005
C13 0.048 984 20 353 0.005
C14 0.048 984 40 323 0.005
C15 0.048 984 40 353 0.005
C16 0.048 984 20 353 0.0005
C17 0.048 984 40 323 0.0005
C18 0.048 984 40 353 0.0005
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these studies. These alterations in physical properties like 
density and viscosity are vastly affected by the distinct 
pressure and temperature conditions found in different res-
ervoirs. Moreover, random grain distribution inside the 
porous media was not considered for geometrical consid-
eration. Although previous studies have reported the inter-
action of sc-CO2 and water (Al-Zaidi et al. 2018; He et al. 
2019), the interactivity of sc-CO2 and oil also depends on 
injection velocities which were not considered along with 
changing physical properties of sc-CO2.

This study aims to characterize the multiphase flow 
of sc-CO2 and oil inside a 2-D randomly packed porous 
media (a replica of a typical oil reservoir) through an 

equation of state (EOS)–coupled CFD analysis. The 
control parameters considered in this study are reservoir 
temperature, reservoir pressure, sc-CO2 injection veloc-
ity, and oil properties (light and heavy crude). The math-
ematical model for this study considers surface tension 
(low in magnitude) to define the oil-sc-CO2 interface and 
incorporates a modified form of Helmholtz free energy 
equation (EOS) to capture the physical changes in sc-CO2 
due to changes in reservoir pressure and temperature. The 
governing equations of continuity, momentum, and energy 
are solved using the finite volume method in Ansys Fluent. 
Furthermore, results are presented in the form of surface 
integral of volume fraction at different locations and areas 
to analyze the extent of oil recovery or sc-CO2 storage 
with a change in each control variable.

Geometry and computational details

Geometry model consideration

Figure 3a illustrates the model (porous domain) bearing 160 
μm × 80 μm in dimension considered in this study. It con-
sists of a random porous 2-D network having both low and 
high permeable zones as shown in Fig. 3b. The void spaces 
(pores) were initially patched with oil and are assigned as the 
flow domain. The entry of sc-CO2 commences from the right 
side of the geometry and exits through the outlet present at 
the left. As sc-CO2 proceeds, it displaces the oil from the 
pore spaces and corresponding volumes of oil and sc-CO2 
phases are obtained at the outlet.

Computational model

The flow of sc-CO2 and its interaction with oil inside 
porous media is a complex process that is difficult to 
describe through algebraic equations or correlations, 
especially at a microscopic level. However, the governing 
equations such as continuity, momentum, and energy bal-
ance equations still hold and can be solved simultaneously 
inside a flow domain, numerically. The technique used 
in this study is the finite volume method which is vastly 
used to solve these governing equations for fluid flow 
problems. Unlike finite difference, it can deal with non-
linear heterogeneous boundaries that are found commonly 
in porous media. Four control parameters were studied 
in this investigation, namely reservoir pressure, reservoir 
temperature, sc-CO2 injection velocities, and oil proper-
ties. These parameters highly influence the displacement 
efficiency and oil recovery that form the basis for the 
screening and design of sc-CO2 EOR processes. The study, 

Fig. 7   sc-CO2 breakthrough for a light crude oil for 0.005 m/s, 0.001 
m/s, and 0.0005 m/s (C1–C3) inlet velocities and for b heavy crude 
oil for 0.005 m/s, 0.001 m/s, and 0.0005 m/s (C10–C12) inlet veloci-
ties

76009Environmental Science and Pollution Research (2022) 29:76003–76025



1 3

however, does not capture the mass transfer between oil 
and sc-CO2 and aims to seize only flow characteristics due 
to the change in abovementioned control parameters. A 
distinct boundary (to avoid complete mixing) was infused 
between the two phases by considering ultra-low interfa-
cial tension (IFT). It has also been assumed that no heat 
transfer commences between the walls of the solid rock 
grain and the fluids involved as the reservoir is mostly 
considered in thermal equilibrium. sc-CO2 is known to 
achieve partial miscibility with reservoir oil (Green and 
Paul Willhite 1998). An ultra-low interfacial tension is 
considered in this study as it shall have a distinct boundary 
with a heavier fraction of the oil present in the reservoir. 
This assumption also takes care of the fractional solubility 

of CO2 in oil phase at supercritical conditions. The domain 
of study, numerical model, initial and boundary condi-
tions, details of meshing, and other relevant pieces of 
information are described in the proceeding sections.

Mathematical model for flow simulation

Fluid flow behavior inside the porous flow domain was mod-
eled using a multiphase model in Ansys Fluent. Conserva-
tion of momentum was characterized by Navier-Stokes (N-S) 
equation, and conservation of mass was defined using the 
continuity equation. The Navier-stokes equation (Prüss and 
Simonett 2010) is given as follows

Fig. 8   sc-CO2 injection at a C1 
(0.005 m/s), b C2 (0.001 m/s), 
and c C3 (0.0005 m/s) for light 
crude oil at 0.05 s

Fig. 9   sc-CO2 injection at a 
C10 (0.005 m/s), b C11 (0.001 
m/s), and c C12 (0.0005 m/s) 
for heavy crude oil at 0.05 s
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Left-hand side terms are convective momentum terms and 
represent the bulk transport of fluids. On the other hand, the 
right-side terms are diffusive momentum terms. Here, ρ is 
density (kg/m3), and �⃗v is velocity vector (m/s). p and T refer 
to pressure energy and viscous stress tensor, respectively. Fst 
is the force due to the surface tension term and is defined by 
the continuum surface force (CSF) model (Brackbill et al. 
1992). The CSF model resolves surface force numerically 
at fluid interfaces efficiently by the Eulerian approach. The 

(1)
D𝜌�⃗v

Dt
= −∇p + ∇⋯T + Fst

interfacial surface force in a unit volume is expressed as (Lv 
and Wang 2015)

where σ is surface tension coefficient (N/m); ρ1 and ρ2 are 
the density of phase 1 and phase 2, respectively (kg/m3); α1 
represents the volume fraction of phase 1; and k1 is inter-
face curvature. The continuity equation (Fanchi 2010) was 
defined as

The fluid flow was modeled as compressible fluid; 
hence, density remained non-uniform throughout the 
f low domain. Interface tracking for the f luid-f luid 
interface was resolved using the volume of fluid (VOF) 
model (Hargreaves et al. 2007; Hirt and Nichols 1981). 
It is defined as

where α1 represents the volume fraction of phase 1 in a cell 
element.

Heat transfer between fluids and flow media was modeled 
by the energy equation (ANSYS n.d.). It is expressed as

Here, terms on the right-hand side represent heat 
transfer by conduction, diffusion, and viscous dissipa-
tion, respectively. The viscosity change due to heat dis-
sipation and pressure work was modeled by the above 
equation.

The properties of sc-CO2 were modeled by the EOS 
as given by Span and Wagner (1996). It is based on the 
Helmholtz free energy equation and is considered to be 
efficient in resolving pressure-density-temperature rela-
tion. It is expressed as

where Φ is the dimensionless Helmholtz energy, ρ is den-
sity, T is temperature, R is gas constant, δ is reduced density 
(ratio of density and critical density), and τ is the reduced 
temperature (ratio of temperature and critical temperature). 
The equation has two components: residual behavior com-
ponent (Φr) and ideal gas behavior component (Φ°). The 
residual component is defined as

(2)Fst = �
�k1∇�1

1

2

(

�1 + �2
)

(3)
D𝜌

Dt
+ 𝜌

(

∇⋯ �⃗v
)

= 0

(4)
(

��
1

�t

)

+ ∇⋯

(

v�
1

)

= 0

(5)

𝜕

𝜕t
(𝜌E) + ∇ ⋅

(

�⃗𝜈(𝜌E + p)
)

= ∇ ⋅ Keff∇T − Σhj
�⃗Jj +

(

=
𝜏 ⋅ �⃗𝜈

)

+ Sh

(6)
A(�, T)

RT
= Φ(�, �) = Φ

◦

(�, �) + Φr(�, �)

Fig. 10   Oil saturation decline (surface integral of volume fraction 
inside porous media) for a light oil for 0.005 m/s, 0.001 m/s, and 
0.0005 m/s (C1–C3) inlet velocities and for b heavy oil for 0.005 m/s, 
0.001 m/s, and 0.0005 m/s (C10–C12) inlet velocities
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where ni, di, ti c, αi, ∈i, βi, γi, bi, Ci, and Di are coefficients 
and exponents. Refer to Table 31 of Span and Wagner (1996) 
for the corresponding values. The ideal gas component (Φr) 
is expressed as

where a◦

i
 and �◦

i
 are defined from elsewhere (Span and Wag-

ner 1996).
The result variables were calculated in terms of area-

weighted average over the area of interest. For any physi-
cal quantity “𝚽” the area-weighted average is calculated 
by dividing the summation of the product of the selected 
field quantity and facet area with the total surface area. 
Mathematically, it is defined as

(7)

Φr =

7
∑

i=1

n
i
�di� ti +

34
∑

i=8

n
i
�di� ti e−�

c

i

+

39
∑

i=35

n
i
�di� ti e−�i(�−∈i)

2
−�i(�−�i)

2

+

42
∑

i=40

n
i
Δbi�e−Ci(�−1)

2−Di(�−1)
2

(8)

Φ
◦

(�, �) = ln (�) + a
◦

1
+ a

◦

2
� + a

◦

3
ln (�) +

8
∑

i=4

a
◦

i
ln

[

1 − e(−��
◦

i )
]

where Ai is the facet area and A is the total surface area.

Simulation strategy

The finite volume method (FVM) was used to solve the 
fluid flow and energy equations (Moukalled et al. 2016). 
The fluid flow domain was discretized to finite non-
overlapping cell elements, and governing equations were 
integrated over these cell volumes. FVM is more accurate 
in fluid flow calculations as compared to the finite ele-
ment method (FEM) due to its conservative nature and 
required less computational power (Jeong and Seong 
2014; Molina-Aiz et al. 2010). Additionally, FVM works 
well for non-trivial and dynamic boundary conditions.

Numerical validation

The numerical model was validated against both ana-
lytical and experimental studies. Initially, the numerical 
model presented in the above section was validated by 
comparing results reported from the analytical work car-
ried out by Krishna et al. (1999). The analytical model 

(9)
1

A ∫ ΦdA =
1

A

n
∑

i=1

Φi ∣ Ai ∣

Fig. 11   Final sc-CO2 sequestra-
tion in the porous network for 
light oil (a C1, b C3) and heavy 
oil (c C10, d C12)
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used for validation is an extended form of the Mendel-
son equation (Mendelson 1967) which determines the 
terminal velocity of an air bubble rising in a tank filled 
with water. This approach was adopted for validation as 
the prime motive of this work is to track the fluid-fluid 
interface (between oil and sc-CO2) during the displace-
ment process. Figure 4 depicts the comparative analy-
sis between the CFD results and analytical correlation 
using Eq. (10) (Krishna et al. 1999). A scale factor (SF) 
was introduced to take wall effects into account and is 
defined by

where Vb is the terminal velocity of the bubble (m/s), σ is 
the coefficient of surface tension (N/m), ρl is liquid density 
(kg/m3), db is bubble diameter (mm), and DT is the diameter 
of the tank (mm).

The CFD numerical model was validated using Eq. 
(10) which is valid for the 3–17 mm diameter of bubbles. 
A water tank of 50 mm diameter and air bubbles of 4 mm, 
6 mm, 9 mm, and 15 mm diameter were considered for 
the validation study. No-slip boundary conditions were 
set at the top and bottom ends of the tank while free slip 
wall conditions were set at vertical walls. Initially, bub-
bles were patched at a height of 10 mm from the bottom 
of the tank. The time evolution of the 4-mm bubble inside 
the tank is represented in Fig. 4a. The comparative study 
resulted in an error of less than 5% between terminal 
velocity computed from the mathematical model and the 
analytical correlation for 4 mm, 6 mm, 9 mm, and 15 mm 
cases (Fig. 4b).

Experimental observations of gas-liquid (G-L) and 
liquid-liquid (L-L) immiscible interactions were taken 
from studies conducted by Guo and Chen (2009) and 
Li et al. (2010). These experiments draw relevance to 
this research owing to their flow profiles at low capil-
lary numbers through microchannels, and the fact that 
CO2 behaves as gas and liquid at a supercritical state. 
The simulation results produced a close match between 
the advancing interface of the dispersed phase of gas in 
liquid (Fig. 5a) and liquid in liquid (Fig. 5b).

Meshing details and matrices

Figure 6a illustrates a meshed geometry along with mesh 
matrices for the sample porous model of 160 μm × 80 
μm considered for the study (also see Fig. 3). As men-
tioned previously, a 2-D rectangular domain with non-
uniform rock matrix distribution was considered for the 
study. A free triangular meshing scheme was adopted for 
mesh generation due to highly non-linear boundaries.

A mesh sensitivity study was conducted for different 
mesh refinements and is depicted in Fig. 6b. The mesh 
refinements of 66,050 elements were considered for the 
study owing to their accuracy and low computational power.

Fluid properties and boundary conditions

Sc-CO2 EOR is more effective in oil gravities higher than 
25° American Petroleum Institute (API) (El-hoshoudy 
and Desouky 2018). In this work, two types of crude 

(10)Vb =
√

2�∕�ldb + gdb∕2SF;SF =
�

1 −
�

db∕DT

�2
�3∕2

Fig. 12   Volume fraction of sc-CO2 at the outlet for an sc-CO2 inlet 
velocity of 0.005 m/s and different pressure and temperature condi-
tions for a light oil (C4–C6) and b heavy oil (C13–C15)
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oils (light and heavy) have been considered for sc-CO2 
EOR studies. The oil properties were adopted from Anton 
Paar database (Viscosity of crude oil – viscosity table 
and viscosity chart. Anton Paar Wiki n.d.), where the 
rheological parameters and density were defined for light 
oil (37.9° API, density 835.3 kg/m3) and heavy oil (12.3° 
API, density 984 kg/m3). A detailed value of parameters 
considered for this investigation is presented in Table 1. 
Eighteen cases of CFD simulations have been solved with 
varying oil viscosity, oil density, reservoir pressure, and 
temperature, and sc-CO2 injection velocity (see Table 1). 
In this study, a multiphase VOF model was enabled for 
interface tracking. A very low surface tension (0.0015 
N/m) was considered as sc-CO2 acts as an effective sol-
vent in a supercritical state although remains immisci-
ble with a heavier fraction. This approximate value has 
been taken from the experimental results by Yang et al. 
(2015), where they used the pendant drop method and the 
axisymmetric drop shape analysis (ADSA) to quantify 
the interfacial tension between CO2 and reservoir crude 
oils. Measurements were conducted at high pressures and 
temperatures up to 45 MPa and 412.15 K, respectively. 
The results reveal that, at first, the interfacial tension 
between CO2 and crude oils drops rapidly as pressure 
is increased, and then, due to heavy components in the 

crude oils, the interfacial tension reduces more slowly as 
pressure is increased. For CO2 + crude oil systems, there 
is no ultra-low or zero interfacial tension. The interfacial 
tensions between CO2 and hexadecane at 318.15 K were 
also measured for comparison. The results reveal that 
the vanishing interfacial tension and miscible phenom-
ena are found for the CO2 + hexadecane system. Simi-
lar ultra-low IFT values can also be seen in the works 
of Gajbhiye (2020). Velocity inlet boundary conditions 
were set at the inlets, whereas outlets were set to oper-
ate reservoir pressure. The walls were modeled with no-
slip boundary conditions. Thermal boundary conditions 
were modeled by the energy equation. Walls were set at 
the operating temperature (reservoir temperature, see 
Table 1), while the inlet was always kept at 10 K higher 
than the insulated wall temperature. Outlet temperature 
was set constant to 305 K for all the cases. Properties of 
sc-CO2 were modeled using the inbuilt National Institute 
of Standards and Technology (NIST) dataset. A thermal 
lookup table was created to model the thermal properties 
of sc-CO2 using the same database. Semi-Implicit Method 
for Pressure-Linked Equations (SIMPLE) algorithm was 
used for pressure-velocity coupling. An implicit formula-
tion of the multiphase VOF model was implemented in 
the study. The transient approach was used to model the 

Fig. 13   a, b Density (kg/m3) 
distribution of sc-CO2 and 
heavy oil phase mixture at 0.05 
s for a C13 and b C14. c, d 
Molecular viscosity (mPa/s) 
contour of sc-CO2 and heavy 
oil phase mixture at 0.05 s for c 
C13 and d C14

76014 Environmental Science and Pollution Research (2022) 29:76003–76025



1 3

time-dependent properties. The fluid domain was initially 
100% saturated with oil, and the solution was initialized 
from the inlet. Convergence criteria and time step size 
were set at 10−4 s and 10−4 s, respectively, for accurate 
results.

Results and discussion

The study is divided into four sets: (a) the effect of sc-CO2 
injection velocity on displacement mechanism at low pres-
sure and temperature conditions (C1 to C3 and C10 to C12, 

Table 1), (b) the effect of reservoir temperature and pressure 
at constant high sc-CO2 injection velocity (0.005 m/s) (C4 
to C6 and C13 to C15, Table 1), (c) the effect of reservoir 
temperature and pressure at constant low sc-CO2 injection 
velocity (0.0005 m/s) (C7 to C9 and C16 to C18, Table 1), 
and (d) the quantitative analysis of areal sweep before sc-CO2 
breakthrough at the outlet. The study parameters include a 
change in oil saturation (oil recovery), sc-CO2 breakthrough, 
the interaction of sc-CO2 and oil, physical property contour 
plots like viscosity and density of the sc-CO2 and oil mixture 
phase, and final sc-CO2 sequestration within the pore network.

Fig. 14   Oil saturation decline curve for an sc-CO2 inlet velocity of 
0.005 m/s and different pressure and temperature conditions for a 
light oil (C4–C6) and b heavy oil (C13–C15)

Fig. 15   Volume fraction of sc-CO2 at the outlet for an inlet velocity 
of 0.0005 m/s and different pressure and temperature conditions for a 
light oil (C7–C9) and b heavy oil (C16–C18)
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Effect of injection velocity on the displacement 
mechanism

Figure 7 represents sc-CO2 breakthrough for the two 
oils undertaken in this study, i.e., light oil and heavy oil 
at different injection velocities. The observations were 
made under pressure and temperature condition of 20 
MPa and 323 K (C1 to C3 and C10 to C12), respec-
tively. The injection velocity for case nos. C1 and C10 
was 0.005 m/s, that for C2 and C11 was 0.001 m/s, and 
that for C3 and C12 was 0.0005 m/s (Fig. 7a, b). It was 

observed that for higher injection velocities, sc-CO2 resi-
dence time inside the flow domain was comparatively 
less. Owing to this, it led to a faster breakthrough. Addi-
tionally, at higher velocities (C1), the time difference 
between the outlet breakthrough and maximum break-
through of sc-CO2 was negligible, whereas, as the inlet 
velocity decreases, the rise in the volume fraction of 
sc-CO2 at the outlet is rather smooth (C2 and C3). This 
observation indicates that areal sweep at lower injec-
tion velocities increases with time. In the former case, 
due to higher momentum, the path of flow would have 
a decreased areal influence. Furthermore, the trend of 
sc-CO2 volume fraction at the outlet for heavy oil showed 
a non-uniform oscillatory behavior (unstable zone) at low 
and high velocities (Fig. 7b).

A similar observation was made when studying the 
contours of oil volume fraction as represented in Fig. 8a, 
b, and c and Fig.  9a, b, and c. It can be noticed that 
at an injection velocity of 0.005 m/s for light oil (C1) 
and heavy oil (C10), sc-CO2 breakthroughs have already 
commenced at 0.05 s (Figs. 8a and 9a). At 0.05 s, an 
aerial sweep of light oil (C1) is higher than that of heavy 
oil (C10). Due to higher viscosity in the case of heavy 
oil (C12), an elongated viscous front can be observed as 
compared to light oil (C3) (Figs. 8c and 9c).

Figure 10 depicts the decline in oil saturation (v/v) 
corresponding to sc-CO2 flooding at different velocities 
which represent oil recovery. A decline in oil saturation 
implies an increase in corresponding oil recovery. Both 
light oil (C1–C3) and heavy oil (C10–C12) showed sim-
ilar behaviors towards time transient simulations with 
declining oil saturations. However, the total oil recov-
ery (implied by a decrease in oil saturation) in the case 
of heavy oil was relatively less than that of light oil 
(Fig. 10a, b). The difference in ultimate recovery was 
significantly higher (approximately 30%) for low-veloc-
ity flooding cases (C3 and C12). The simulations with 
higher injection velocities (C1 and C10) showed steeper 
slopes for oil saturation decline due to lower residence 
time inside the flow domain. Additionally, the effect of 
change in velocity had a significant impact on the case 
of heavy oil as compared to light oil. This shows that 
oil with higher densities and viscosities (typically heavy 
oils) could be more sensitive towards change in injection 
velocities. Figure 11 shows a comparison between final 
sc-CO2 sequestration for light crude oil (C1 and C3) and 
heavy crude oil (C10 and C12) at high (0.005 m/s) and 
low (0.0005 m/s) velocities. It is noteworthy to observe 
that the displacement of oil or sequestration of sc-CO2 
was higher for light oil at high velocities. However, the 
trend reverses for heavy oil due to its high density and 

Fig. 16   Oil saturation decline curve for an inlet velocity of 0.0005 
m/s and different pressure and temperature conditions for a light oil 
(C7–C9) and b heavy oil (C16–C18)
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viscosity, where sequestration of sc-CO2 was lower at 
low velocities.

Effect of temperature and pressure at high injection 
velocity

The plots of volume fraction of sc-CO2 at the outlet for differ-
ent pressure and temperature conditions with high sc-CO2 inlet 
velocity (0.005 m/s) are depicted in Fig. 12. The characteris-
tic behavior showed a negligible effect of pressure and tem-
perature at high injection velocities (Fig. 12a, b). The cases, 

viz. C4, C5, and C6, showed overlapping similar trends due 
to lighter viscosity of the light oil with little or no sensitivity 
towards varying pressure and temperature conditions at high 
injection velocities (Fig. 12a). However, this was not the case 
for heavy oil, i.e., for C14 (Fig. 12b), under high-pressure and 
relatively low-temperature conditions. This can be inferred 
from the density and viscosity contours of the sc-CO2-oil 
mixture as shown in Fig. 13. At high-pressure conditions, due 
to the compressible nature of sc-CO2, the density, as well as 
viscosity, significantly increases which leads to better com-
patibility with the oil (Fig. 13). It can be observed that the 

Fig. 17   Oil phase distribution 
at 0.05 s for heavy oil (a C16, 
b C17, and c C18) at different 
pressure and temperature condi-
tions for low injection velocity 
(0.0005 m/s). For all the 
injected sc-CO2, viscous fronts 
can be observed emerging from 
the inlet zone

Fig. 18   Molecular viscosity 
contours for heavy oils (a C16, 
b C17, and c C18) at different 
pressure and temperature condi-
tions for low injection velocity 
(0.0005 m/s). C16 displays the 
least in situ viscosity due to 
high temperature and low pres-
sure. C18 has higher viscosity 
due to an increase in pressure 
from 20 to 40 MPa
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distribution in density inside the flow domain was rather uni-
form in the case of C14. On the contrary, C13 and C15 have 
relatively high-temperature regimes (see Table 1 for tempera-
ture conditions) which contribute to the decrease in density and 
viscosity of sc-CO2 that yields poor mobility contrast.

As aforementioned, due to the lighter viscosity of in situ 
oil for light crude oil, cases C4, C5, and C6 showed a coin-
cidental trend for oil saturation decline with the progress 
in sc-CO2 flooding (Fig. 14a). However, a slightly diverse 
course was observed in the case of heavy oil (Fig. 14b). It can 
be rationalized that the effect of pressure and temperature has 
a greater impact on dense oil as compared to light oil. Moreo-
ver, the temperature has a detrimental effect on recovery at 
high injection velocities of sc-CO2 as well. Recovery of oil 
in the case of C15 confirms that pressure, although marginal, 
offsets the adverse effect of temperature in low oil recovery.

Effect of pressure and temperature at low injection 
velocity

Figure 15 represents the volume fraction of sc-CO2 at the 
outlet for different pressure and temperature conditions 
at low injection velocity (0.0005 m/s). sc-CO2 break-
through for light oils as represented by C7, C8, and C9 
followed a similar trend (Fig. 15a). However, as compared 

to flow measurements at high velocities (Fig. 12a), the 
similarity of sc-CO2 breakthrough was less as compared 
to high injection velocities. Heavy oil (C16), under 

Fig. 19   Time evolution of 
sc-CO2 flooding for C9 (light 
oil) and C18 (heavy oil). a–f 
These cases represent the same 
pressure, temperature, and 
sc-CO2 injection velocity condi-
tions but different oil properties

Fig. 20   Final sc-CO2 sequestration amount for all the simulated cases
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high-temperature and low-pressure conditions with low 
injection velocity, showed a stable  90% breakthrough 
(having fewer fluctuations of sc-CO2 volume fraction at 
the outlet) as compared to other conditions of C17 and 
C18 (Fig. 15b).

The decreasing oil saturation inside the flow domain was 
influenced by reservoir pressure and temperature as evident 
from Fig. 16. Figure 17 shows the oil phase distribution 
at 0.05 s for the same injection velocity. As compared to 
Fig. 14a, which represents flow conditions at high velocity, 
Fig. 16a shows a slight deviation especially at high-tem-
perature conditions (C7). Additionally, in the case of heavy 
oil (C16, C17, and C18), the case having lower operating 
pressure and high temperature (C16) shows an anomalous 
trend as opposed to C17 and C18 (Fig. 16b). Here, the flow 
of CO2 being in the supercritical phase shows negligible 
change towards varying temperatures at high-pressure con-
ditions (40 MPa). This can be observed in case nos. C8, C9, 
C17, and C18, where high-pressure and varying temperature 
conditions were simulated (Fig. 16a, b). This can be noted in 
Fig. 17 where heavy oil in C17 and C18 (Fig. 17b, c) showed 
similar oil phase distribution with extended viscous fronts 
(high viscous fingering). However, heavy oil in case no. C16 
(Fig. 17a) followed a different course (low viscous fingering) 

where all the vicious front covers almost the same distance 
with time. This significantly increases the microscopic dis-
placement efficiency of oil for an EOR process.

Figure 18 shows the in situ molecular viscosity of oils for 
heavy oil (C16, C17, and C18). The reason for the similar 
trend for breakthrough and oil saturation decline (Fig. 15b 
and Fig. 16b, respectively) can be inferred from Fig. 18, where 
C17 and C18 showed a similar distribution in molecular vis-
cosity. Case C16, on the other hand, showed the least viscosity 
owing to which the higher mobility of oil was achieved.

A comparison was made between the flooding mechanism 
for light and heavy crude oil under high-pressure and high-
temperature conditions for low injection velocity (0.0005 
m/s). This is illustrated in Fig. 19 where the time evolution 
of sc-CO2 flooding for C9 and C18 is drawn. It can be seen 
that the sc-CO2 front travels faster in the case of C18 which 
leads to a premature breakthrough at the outlet. On the other 
hand, C9 has a wider distribution front where sc-CO2 shows 
better penetration into the individual pores owing to which 
the case C9 showed better residual oil recovery as compared 
to C18. Figure 20 represents the ultimate sc-CO2 sequestra-
tion in the given porous media for all the considered cases. 
Higher CO2 sequestrations have been observed in the case of 
light oils as compared to heavy oil. Additionally, at relatively 

Fig. 21   An illustration of 
viscous front and the concept 
of linear normalized distance of 
the viscous front
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low injection pressure, the sequestrated volume fraction of 
sc-CO2 was higher which is confirmed by studies conducted 
by Abdoulghafour et al. (2020).

Quantitative analysis of areal sweep before sc‑CO2 
breakthrough at the outlet

A quantitative analysis has been conducted to analyze the dis-
placement process of oil by sc-CO2. Displacement patterns 
were numerically expressed to evaluate the areal sweep of the 
invasion process. A new dimensionless parameter, stabilizing 
factor (ε) that signifies an increase in the rate of sc-CO2 volume 
fraction (saturation) inside the flow domain concerning the dis-
tance of the leading sc-CO2 front from the inlet, is introduced.

where Φsc−CO2
 is the surface integral of the volume fraction 

of sc-CO2 inside the flow domain at an instantaneous time 

(11)� =
�Φsc−CO2

��∗

(Eq. (8)). ξ∗ is the linear normalized distance of the viscous 
front from the inlet expressed as

where ξ is the distance of the viscous front from the inlet and 
L is the linear length of the flow geometry (160 μm). The 
condition for a complete displacement is ε = 1, where the 
existence of the viscous front ceases (also described as com-
pact displacement) with a flat stable front. As ε decreases 
(less than 1), more unstable displacement fronts are attained 
that signifies inferior areal sweep and unstable fluid-fluid 
interface (less compacted). Figure 21 presents an example 
of the abovementioned notion.

Figures  22 and 23 show the relationship between 
sc-CO2 saturation and linear normalized distance of the 
viscous front from the inlet for the light oil and heavy oil 
reservoir. A general observation from Figs. 22 and 23 is 
the notable linear rise of Φsc−CO2

 with an increase in ξ∗. 
The slope of the Φsc−CO2

 and ξ∗ as obtained from a linear 
fit yield ε, that is positive. For light oil at high velocities 

(12)�∗ =
�

L

Fig. 22   Relationship between 
sc-CO2 saturation and linear 
normalized distance of the 
viscous front from the inlet 
for light oil at a high (0.005 
m/s) and b low (0.0005 m/s) 
velocities
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(0.005 m/s), the stabilizing factor (ε) was observed to be 
almost the same (Fig. 22a). However, at low velocities 
(0.0005 m/s), a significant variation in ε was noticed. 
C7 that represents high reservoir temperature shows a 
poor areal sweep with a stabilizing factor (ε) of 0.25833 
(Fig. 22b). Due to the greater density of sc-CO2, the 
highest sweep could be noticed at high pressure (40 MPa) 
cases (viz., C5 and C6) that yields better mobility con-
trast as discussed previously.

Contrastingly, heavy oil shows a substantial variation 
in ε at high velocities (0.005 m/s) with high-pressure (40 
MPa) cases (viz., C14 and C15) showing better stability 
of the moving sc-CO2 front in terms of areal invasion 
(Fig. 23a). From Fig. 23b, one can observe the identical 
trend of sc-CO2 invasion at low velocities (0.0005 m/s) 
for heavy oil. This confirms that beyond a certain mag-
nitude of injection velocity, the invasion pattern becomes 
insensitive. At low velocities, the effect of pressure and 

temperature for heavy oil hardly carries any significance 
in terms of frontal advancement of the viscous front.

Conclusion

The present study evaluates different cases of sc-CO2 as 
an EOR displacing fluid inside porous media with random 
rock matrix distribution. Reservoir temperature, reservoir 
pressure, oil properties, and sc-CO2 injection velocity were 
the control parameters. In this study, rather than incorporat-
ing static properties of sc-CO2, the changes in its properties 
due to varied reservoir pressure and temperature conditions 
have been captured through Helmholtz free energy equation 
(EOS). The effect of these control parameters was studied 
through oil saturation decline curve, flow front evolution, 
sc-CO2 breakthrough, and final sc-CO2 sequestration. It was 
concluded that sc-CO2 miscible flooding can be an efficient 

Fig. 23   Relationship between 
sc-CO2 saturation and linear 
normalized distance of the 
viscous front from the inlet 
for heavy oil at a high (0.005 
m/s) and b low (0.0005 m/s) 
velocities
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method for tertiary EOR and was more effective in the case 
of lighter oils. On the contrary, the recovery of heavy oil 
was limited but can be optimized by varying the injection 
sc-CO2 velocity. At high-pressure conditions, the effect of 
temperature was not very significant. For heavy oil, an opti-
mal operation point (injection velocity) can be obtained by 
maintaining a favorable viscosity contrast and promote bet-
ter oil displacement and sc-CO2 sequestration.

The main conclusions from the study can be summa-
rized in the following points:

•	 The breakthrough volume fraction of sc-CO2 at the outlet 
showed smooth profiles at low pressure (20 MPa) and 
low temperature (323 K) for light oil at high velocities. 
However, it showed fluctuations in the case of heavy oil.

•	 Optimum shear force must be generated for uniform flow 
after sc-CO2 breakthrough which was observed for both 
light oil and heavy oil at 0.001 m/s injection velocities.

•	 The effect of change in velocity had a significant impact 
on the case of heavy oil as compared to light oil. This 
shows that oil with higher densities and viscosities could 
be more sensitive towards change in injection velocities.

•	 At high injection velocities, sc-CO2 breakthrough, as 
well as oil recovery for light oil, was not sensitive to 
change in pressure and temperature. On the other hand, 
heavy oil showed marginal differences.

•	 At low injection velocities (0.0005 m/s), the flow of 
CO2 being in the supercritical phase shows negligible 
change towards varying temperatures at high-pressure 
conditions. Additionally, at lower velocity, for heavy 
oil, the extent of viscous fingering is less at high tem-
peratures, which eventually increases microscopic dis-
placement efficiency.

•	 The effectiveness of sc-CO2 in displacing light oil was 
more prominent as a result of a wider displacing front.

•	 Cases of higher velocity seem to have a more unified 
(insensitive) frontal behavior than low velocity cases for 
light oils. However, for heavy oil, cases of lower injec-
tion velocity have a more unified sc-CO2 front pattern. It 
can be assumed that a velocity threshold is not the only 
decisive factor and oil type is also a parameter at play.

•	 The effectiveness of the invasion pattern of sc-CO2 
was expressed in terms of a new dimensionless num-
ber (ε) known as stabilizing factor. It was observed that 
ε for light oil was highly affected at lower velocities 
(0.0005 m/s). However, for heavy oil, the relationship 
was reversed that showed sensitivity at lower velocities 
(0.005 m/s) as compared to higher ones (0.005 m/s).

•	 The effect of mass transfer between pre-injected brine, 
sc-CO2, and oil on the flow characteristics and oil 
recovery shall be investigated in future studies.
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