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Abstract

CO: flooding represents a promising approach for enhancing the recovery of tight reservoirs, facilitating the
efficient development of unconventional oil and gas resources while concurrently contributing to CO; reduction.
This method is of significant importance for the sustainable advancement of energy in China. Both theoretical
and empirical evidence indicate that the oil recovery efficiency associated with CO, miscible-phase processes
markedly exceeds that of non-miscible-phase processes. However, current CO» injection technologies often
struggle to achieve miscible-phase conditions in various contexts, thus limiting their effectiveness in enhancing
recovery from tight reservoirs.

The composite system formed by CO; and surfactants presents a novel avenue for optimizing CO, flooding
technology aimed at improving recovery of tight reservoirs. In this study, a molecular system model was
established to characterize the interaction between CO> and crude oil specific to the Chang 8 tight reservoir.
Molecular dynamics simulations were employed to estimate the miscibility pressure. The surfactant C12POs was
introduced to investigate its impact on physical parameters, including intermolecular forces, interfacial tension,
and miscible pressure, within the CO»-crude oil-surfactant system.

The findings demonstrate that the incorporation of surfactants enhances molecular interactions between CO>
and crude oil, resulting in a reduction of minimum miscibility pressure by 9.36% at a temperature of 344 K.
Furthermore, the extent of this reduction is temperature-dependent, with a 10% increase in surfactant efficacy
observed as the temperature rises from 323 K to 363 K. This research elucidates the interactions among multiple
fluid molecules at the molecular level, revealing the microscopic mechanisms by which the CO»-surfactant
composite system reduces miscibility pressure in tight reservoirs. These insights are poised to advance the
development of CO: enhanced recovery technologies within China’s tight oil and gas sector.

Introduction

The greenhouse effect and the increasing global energy demand have emerged as critical issues. In this context,
CO; gas flooding has gained considerable attention for its dual benefits (Gozalpour et al. 2005; Peng et al.
2022). It not only enhances the recovery of oil and gas resources, thereby extending the lifespan of limited
energy supplies, but also aids in CO; sequestration, contributing to the reduction of atmospheric CO; emissions
and mitigating the greenhouse effect on Earth’s climate (Ju et al. 2012).
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The mechanisms by which CO» increases oil and gas recovery primarily involve two processes: immiscible
flooding and miscible flooding. In immiscible flooding, the reservoir pressure is below the minimum miscibility
pressure (MMP), preventing CO; from fully mixing with the oil and resulting in a phase interface. In contrast,
miscible flooding occurs when the reservoir pressure exceeds the MMP, allowing complete mixing of oil and
gas, thus enhancing the efficiency of CO; flooding for improved oil recovery. Studies indicate that recovery
rates from miscible flooding are significantly higher than those from immiscible flooding (Mian et al. 2018;
Fath and Pouranfard 2014). However, many oil reservoirs in China exhibit relatively low formation pressures,
and the crude oil often has high viscosity and a substantial content of heavy components, posing challenges to
achieving the MMP necessary for CO. miscible flooding. Consequently, realizing miscible CO> flooding
presents a significant challenge.

To facilitate CO;, miscible flooding, one strategy is to increase formation pressure through gas or water
injection until it reaches or surpasses the MMP. However, this approach may lead to reservoir fracturing.
Therefore, researchers have started investigating the use of specific chemical additives to modify the phase
behavior of CO; and crude oil, thereby reducing the MMP and promoting the miscible flooding process.
Notable chemical additives include alcohols, fatty acids, and surfactants (Almobarak et al. 2021).

Alcohols, as nonpolar solvents, can enhance the viscosity and density of CO; while simultaneously reducing
the viscosity and density of crude oil (Li et al. 2003), lowering interfacial tension between CO> and crude oil,
which aids in their mixing and promotes miscibility (Djabbarah et al. 1988). Yang et al. (2019) employed the
interfacial tension disappearance method to study the impact of adding 5 wt% primary alcohols (1-butanol, 1-
pentanol, and 1-hexanol) on CO> solubility in the COz-crude oil system. Their results indicated that the
solubility of CO; increased with pressure, and the addition of alcohols improved CO; solubility in heavy crude
oil components. Additionally, the introduction of a mixed alcohol led to a 9.21% reduction in minimum
miscibility pressure compared to the absence of alcohol (Rudyk et al. 2013).

Fatty acids, characterized by a hydrophobic hydrocarbon chain and a polar carboxyl tail (Voon and Awang
2014), also enhance CO; solubility in crude oil due to the presence of polar functional groups. Qayyimah et al.
(2016) utilized the slim tube method to assess the effects of fatty acid methyl esters (FAME) on MMP in CO»-
oil systems. Their experiments revealed a 4% reduction in MMP with the addition of 5 vol% FAME at
pressures ranging from 18 to 31 MPa. However, the emulsifying capacity of fatty acids remains suboptimal,
even at high concentrations.

Surfactants are amphiphilic compounds with a hydrophilic head and a hydrophobic tail. They reduce MMP in
CO; flooding through several mechanisms: (1) enhancing CO,'s interaction with heavy components, thereby
increasing CO; solubility in crude oil (Qi et al. 2016); (2) disrupting the equilibrium between liquid and gas
phases to enhance CO, extraction from crude oil; (3) adsorbing onto crude oil surfaces, thereby decreasing
intermolecular forces and viscosity (Yang et al. 2015); and (4) interacting with both crude oil and CO; to reduce
interfacial tension and promote miscibility (Miao et al. 2013). Surfactants can be categorized based on their
hydrophilic heads into anionic, cationic, nonionic, and amphoteric types. Traditional anionic and cationic
surfactants exhibit poor solubility in supercritical CO», hindering micelle formation.

Guo et al. (2017) investigated the influence of a synthesized oil-soluble surfactant (CAE) on MMP using the
slim tube method at pressures of 18-30 MPa and 85°C, finding a 6.1 MPa (22%) reduction in MMP with a pre-

slug of 0.2 wt%. Lou et al. (2018) examined the effects of nonionic surfactants in a CO; flooding system,
reporting a reduction in MMP from 19.1 MPa to 13.8 MPa (27.7%) with 0.6 wt% of a propoxylated surfactant.
Wang et al. (2016) demonstrated that fatty alcohol polyoxypropylene ethers effectively reduce miscibility
pressure, achieving a significant reduction when the hydrophobic chain length was 12 and the hydrophilic
functional group had a degree of polymerization of 6 (C12POg¢). Under specific conditions (0.6 wt% C12POs, 0.7
wt% ethanol, and 333.15 K), MMP was reduced from 17.79 MPa to 13.22 MPa, indicating a decrease of over

26%.
In summary, among various chemical additives, nonionic surfactants, particularly Ci2POs, have shown
notable efficacy in lowering MMP. However, the exact mechanisms by which Ci2POs reduces interfacial
2
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tension remain inadequately understood. This study employs molecular dynamics simulations to explore the
mechanisms through which C12POs reduces interfacial tension, comparing MMP and interfacial properties
before and after its addition, with a focus on molecular structure and fundamental force fields. The paper is
structured as follows: the introduction reviews methods and the current state of research on reducing miscibility
pressure between CO> and crude oil; the second section outlines fundamental theories and research methods; the
third section delves into surfactants’ mechanisms affecting CO; and crude oil miscibility; and the final section
presents discussion and conclusions.

Methodology

This study utilized molecular dynamics simulations conducted with the LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) software, originally developed by Sandia National
Laboratories in 1984. LAMMPS is an open-source package specifically designed for large-scale atomic and
molecular parallel simulations. The motion trajectories and instantaneous structural representations of all
models were visualized and analyzed using the OVITO software.

Molecular Model. To accurately replicate the miscibility process between crude oil and CO: , the molecular

dynamics model of crude oil was developed based on the actual composition of reservoir components. The
composition consists of 24.90% Ci, 30.93% Ca, 9.54% Cs+, 19.59% Ci1+, and 15.05% Cas+. This study focuses
on linear aliphatic structures, excluding the consideration of their complex isomeric forms. All alkanes are
constructed using a united-atom model, where hydrogen atoms are combined with their adjacent carbon atoms
to form unified atoms. This simplification in the force field model balances model efficiency with the accurate
representation of molecular structure and properties (Dong et al. 2022; Qu et al. 2022). The molecular models of
each component are depicted in Figure 1.
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Figure 1—Each individual molecular model/crude oil model.

The selection of an appropriate molecular force field is a critical step in molecular simulations, as it directly
influences the accuracy of the results. In constructing this model, CO2 molecules were represented using the
ZHU force field (Zhu et al. 2009), a flexible and computationally efficient model particularly suitable for
systems involving supercritical CO>. The CH4 molecules in the crude oil were modeled with the TraPPE-UA
(Transport Properties of Pure and Polymeric Compounds) force field (Nath et al. 1998; Martin and Siepmann
1998). Surfactant molecules were described using the OPLS-UA (Optimized Potential for Liquid Simulations-
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United Atoms) force field (Jorgensen et al. 1996), while the remaining crude oil components (Cz, Cs, Ci1, C23)
were modeled using the NERD force field (Wang et al. 2018; Nath et al. 1998).

12 6
oy o\'] . a4
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where, &jj represents the depth of the potential well; o; represents the distance at which the interaction energy
between two particles is minimal; rj is the distance between particles i and j; while q; and q; denote the partial
charges for particles i and j, respectively.

By employing mixing rules, Lennard-Jones (Lennard-Jones 1931) parameters for various atomic interactions
can be calculated. In this simulation, the commonly employed Lorentz-Berthelot combination rule is utilized
(Stanishneva-Konovalova and Sokolova 2015),

Sii = ’Siisjj 9t e e e e e aeeetatsecaotecactesasaeteentecaetetettecateeatecaeeteeeetecatetaetetesateteteteeeeteseetecattetattetetattetattetetsetettttetttsesrtres (3)

The force field parameters used for the simulations in this paper are outlined in Table 1(Qian et al. 2024).

Table 1—Molecular force field parameters.

Molecular Atom oij (nm) &ij (KJemol™!) change(e) Model
C 0.2757 0.2339 0.6512
CO2 ZHU
0 0.3 0.6690 -0.3256
CHs 0.3910 0.8647 0
n-decane NERD
CH> 0.3930 0.3808 0
CH4 CH4 0.3730 1.2300 0 TraPPE-UA
C(in CH-OR bond) 0.35 0.2761 0.17
C(in C-OH bond) 0.35 0.2761 0.205
CHaz(in CH»-OR bond) 0.38 0.4937 0.25
Fatty alcohol CHaz(in C-C bond) 0.3905 0.4937 0
Ether C1,PO OPLS-UA
e CHj(in C-C bond) 0.3905 0.7322 0
O(in C-OH bond) 0.312 0.7114 -0.683
O(in C-O-C bond) 0.3 0.7113 -0.5
H(in O-H bond) 0 0 0.418
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Simulation Details and Analysis Methods. All simulation units established in this study were configured
using periodic boundary conditions in the x, y, and z directions. To replicate reservoir conditions, the simulation
temperature was controlled within the range of 50 to 90 degrees Celsius. The simulation box dimensions
automatically adjusted to their optimal sizes under varying temperature and pressure conditions through
molecular simulations. As initial molecular models often deviate significantly from equilibrium, a series of
preparatory steps was performed before the simulations. First, the models underwent energy minimization using
the conjugate gradient method to achieve minimal energy and optimized configurations. Subsequently, initial
velocities were randomly assigned to the atoms according to the Maxwell-Boltzmann distribution. The
equations of motion were solved using the Verlet integration method (Li et al. 2023).

Thermodynamic ensembles are essential in molecular dynamics, enabling the study of macroscopic system
properties by conducting multiple simulations under varying conditions to gather data. The most common
ensembles include the microcanonical ensemble (NVE), canonical ensemble (NVT), isothermal-isobaric
ensemble (NPT), and isobaric-isenthalpic ensemble (NPH). In this study, both the NVT and NPT ensembles
were employed. The NPT ensemble maintains a constant number of particles (N), pressure (P), and temperature
(T) during the simulation. Similarly, in the NVT ensemble, the number of particles (N) and temperature (T)
remain constant, while the volume (V) is held fixed.

The simulation process began with NPT simulations to equilibrate the system's properties, ensuring a stable
state of energy, temperature, and pressure. This was followed by control over the system using the NVT
ensemble. Trajectory data was recorded at 1 ps intervals, and data points were generated every 1 fs for further
analysis. In NPT simulations, temperature control was achieved via the Nosé-Hoover thermostat with a
relaxation time of 200 fs (Hoover et al. 1982; Nosé 1984). For systems involving CO, long-range electrostatic
interactions were calculated using the Particle-Particle Particle-Mesh (PPPM) method (Hockney et al. 1989),
with an accuracy of 107, A cutoff radius of 20 A was employed, and the time step was fixed at 1 fs.

The results from molecular dynamics simulations were analyzed by observing trajectories, generating radial
distribution functions, density distribution curves, and measuring interfacial tension.

Trajectories Analysis. Trajectory analysis entails capturing the positions and velocities of each atom in the
system at every time step during molecular simulations. This data is subsequently processed using software
tools such as OVITO, which generates visualizations of instantaneous trajectories, providing an intuitive
representation of particle motion throughout the simulation. This method is crucial for gaining insights into the
dynamic behavior, energy, and thermodynamic properties of the system's individual particles (Stukowski et al.
2009).

Radial Distribution Function (RDF). The RDF is a key metric for describing the spatial distribution
relationships between different atoms or molecules in a system. It is defined as the ratio of the probability of
finding a particular atom or molecule within a given spatial volume at a distance 'r' to the probability of finding
the same atom or molecule in a randomly distributed system within the same volume. RDF is an invaluable tool
for exploring intermolecular forces and interactions between atoms or molecules (Mo et al. 2014).

gr)=——>-
pamr

where N represents the number of particles in the system; p denotes the particle density within the system,
measured in units of g/cm?; and r represents the distance between two particles, measured in Angstroms (A).

Density Distribution Curve. The density distribution curve provides a visual representation of particle
aggregation across different positions within the system, accurately illustrating particle distribution at various
time intervals. It is particularly useful in reducing inaccuracies caused by sampling and measurement errors,
ensuring a more reliable depiction of particle behavior within the simulated environment.

Interfacial Tension (IFT). Interfacial tension is a critical parameter used to describe the properties of an
interface between two phases (Rao 1997). In molecular simulations, the pressure tensor is calculated in different
directions within the system, and the IFT is subsequently derived by integrating the appropriate equation (e.g.,
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Eq. 5). This method enables a precise estimation of the system's interfacial tension, offering insight into phase
behavior and surface properties.

== J’ Py(z)Mz = —[ M}Lz e 5)

2

where vy represents the interfacial tension; Pa(z) and Pr(z) denote the normal and tangential pressures,
respectively. P, (a =X,), Z) is the quantity along the diagonal of the pressure tensor, and L. is the length in the
Z direction of the simulated system.

Results

Molecular Dynamics Simulation of the CO; and Crude Qil System. As shown in Figure 2(a), the initial
setup of the simulation consists of 1000 CO2 molecules positioned on both sides, with 800 crude oil molecules
centered between them. The COs-crude oil system is examined under two pressure conditions: 13.5 MPa (non-
miscible) and 19.5 MPa (miscible). The system’s structural evolution is analyzed at different time intervals
during the simulation.
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Figure 2—Instantaneous structures of the CO:-crude oil system at various time steps (13.5MPa/19.5MPa).
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At 13.5 MPa, the initial configuration reveals CO, molecules occupying the outer regions, with crude oil
components located centrally, forming a distinct oil-gas interface. After 1 ns, the crude oil begins to diffuse
outward, while CO: starts dissolving into the oil. However, due to the pressure being significantly lower than
the miscibility threshold, the diffusion of both CO: and crude oil remains limited over time, resulting in
minimal CO; dissolution within the system.

In contrast, at 19.5 MPa, the system exhibits a different progression. As time advances, CO2 molecules from
the outer regions infiltrate the central zone containing crude oil. This interaction leads to CO2 enveloping the
crude oil molecules, and the oil diffuses towards the system's periphery, broadening the phase interface. With
prolonged simulation time, the solubility of CO: in crude oil increases, resulting in the formation of CO»
clusters around crude oil molecules. This ultimately causes the phase interface to vanish, indicating that the
system has reached miscibility.

A comparison of the structural snapshots at both pressure conditions highlights a significant difference. At 1
ns, the oil-gas interface at 19.5 MPa is broader than that at 13.5 MPa, primarily due to the higher pressure
enhancing CO; solubility within the crude oil system. The stronger interactions between CO> and crude oil at
19.5 MPa result in faster diffusion. By 10 ns, the interface in the lower-pressure system remains largely
unchanged, whereas in the higher-pressure system, the oil and gas have become fully miscible.
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Figure 3—The variation of interfacial tension in CO:-crude oil systems with pressure.

Minimum Miscibility Pressure Determination. The minimum miscibility pressure (MMP) between CO;
and crude oil at a temperature of 344 K was established using the interfacial tension (IFT) disappearance
method. By calculating the IFT at varying pressure levels, a relationship between interfacial tension and
pressure was plotted, as shown in Figure 3. The graph clearly indicates a linear relationship between IFT and
pressure, where the interfacial tension decreases as the pressure increases.

Through linear regression analysis, the following equation was obtained to describe this relationship,

LT 1. 22P 422,67, eeeeeoeeeeeee e eee e s e e s e s e s e e e e s eee s s ees s e s e ee s e eees e eee s e eesseeeees e eesseeeeeseneees (6)

where IFT is the interfacial tension in mN/m; P is the pressure in MPa.
According to this linear model, when the interfacial tension reaches zero, the minimum miscibility pressure
(MMP) is determined. Setting IFT to 0 in the equation yields,

0= 12242267 oot s et e e ee e e e e ees e ees e eeeseeens (7)

Solving for P, the MMP is found to be 18.65 MPa. This value signifies the pressure at which CO; and crude
oil become miscible, a critical parameter for processes such as enhanced oil recovery (EOR).
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Molecular Dynamics Simulation of Surfactant-Mediated Reduction in CO: Flooding Miscibility Pressure.
This study employs C12POg as the selected surfactant for molecular dynamics simulations, aiming to investigate
the variations in minimum miscibility pressure of the CO; and crude oil system before and after the surfactant's
incorporation. The objective is to elucidate the mechanisms that contribute to the reduction of minimum
miscibility pressure. In this section, the simulation framework consists of crude oil situated at the center,
flanked by CO; molecules on either side, with a monolayer of surfactant molecules bridging the oil and gas
phases. The oil components comprise a total of 800 molecules, consistent with the specifications outlined in the
preceding section. Each monolayer is composed of eight C12POs molecules, while the system contains a total of
2000 CO2 molecules, with 1000 positioned on each side.

Initially, within the NPT ensemble, the system's density is gradually equilibrated to a stable state over a total
simulation duration of 25 ns. Subsequently, the simulation transitions to the NVT ensemble for a 10 ns
equilibrium sampling period, during which data is collected once the system attains equilibrium in both energy
and temperature.

CO-0il

(a)Ons
CO»2-0il-C12POg¢
CO2-01l

(b)Ins
C02-0il-C12POs
CO2-01l

(c)10ns

C0,-0il-C12POs

Figure 4—Instantaneous structure of the CO»/crude 0il/C12POs system at various time steps (@19.5 MPa).
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At a pressure of 19.5 MPa, comparisons are made of the instantaneous structural snapshots of the simulation
system at various time points before and after the addition of the surfactant. Figure 4(a) illustrates the initial
configurations of both systems. Over time, CO2 molecules are observed to dissolve into the crude oil at the
center of the system, while crude oil molecules migrate towards the periphery (Figure 4(b)). It is evident that
following the addition of the surfactant, the interface between the oil and gas phases becomes significantly
wider compared to the scenario without the surfactant. This observation can be attributed to the surfactant's
enhancement of CO; dissolution rates, facilitating a more rapid and complete mutual dissolution of the two
phases. By the 10 ns mark (Figure 4(c)), both systems are observed to have reached a state of miscibility.

Using the interface disappearance method, a series of simulations were conducted on the CO:-crude oil
system following the incorporation of the surfactant, with a constant temperature maintained while varying the
pressure. As illustrated in Figure 5, the introduction of C12POg results in a reduction of interfacial tension
within the CO:z-crude oil system. This finding indicates that the Ci12POs surfactant plays a significant role in
enhancing the miscibility of CO2 with crude oil.

The linear relationship between pressure and interfacial tension can be expressed by the fitted equation,

TET = <1 A2P424.0 Lo eeeee e s e eees e e s e e eseeeeeesess s eseeseseeeeseeessseereeesesseeenns (8)

Based on this relationship, it can be inferred that the system's minimum miscibility pressure is 16.9 MPa
when the interfacial tension approaches zero. This signifies a reduction of 9.36% in the minimum miscibility

pressure.
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Figure 5—Changes in interfacial tension in the CO:z-crude oil system before and after surfactant addition.

Figure 6 illustrates the density distribution of various substances at the specified temperature and pressure.
The density distribution curves for Ci, Cz, Cg, and CO> exhibit relative uniformity across the system. In contrast,
the curves for Ci1, Cz3, and C12POs display a uniform central region with a declining trend toward both ends,
resulting in a distribution that is slightly narrower than the overall width of the system. This behavior can be
attributed to the achievement of miscibility throughout the system; lighter components such as Ci, C, Cg, and
CO; are evenly distributed due to sufficient dissolution, thereby occupying the entire available space.
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Figure 6—Density distribution curves before and after the addition of C12PO6.

Conversely, heavier components like Ci1 and Cas possess higher viscosity and density, which hinders the
dissolution of CO; within them. As a result, during the phase-mixing process, these heavier components
struggle to permeate the entire system uniformly. Figure 7 presents the density distribution of the heavier
components under two conditions: with and without the surfactant. At the miscibility pressure, neither scenario
achieves a completely uniform distribution of Ci1 and Cz; within the system. However, a comparative analysis
reveals that the presence of the surfactant facilitates a more favorable distribution and diffusion of Ci; relative
to Ca3. This observation is attributed to the lighter mass of Ci1, which enhances its diffusion under the influence
of the surfactant.
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Figure 7—The density distribution of heavy components before and after the addition of surfactant.

Molecular dynamics simulations provide a detailed characterization of the phase interface properties between
CO; and the oil system, which are often difficult or impossible to observe using traditional experimental
methods. Due to the diversity of oil components and the significant variations in their concentrations, individual
analyses may introduce considerable uncertainty. Consequently, when assessing the density distribution of the
oil and gas phases, all six oil phase components are grouped together and collectively referred to as 'OIL' to
ensure a consistent analysis of density distribution.
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Figure 8—CO; and crude oil density distribution before and after the addition of surfactant (344K).

Figure 8 illustrates the density distribution curves of CO; and crude oil both before and after the addition of
surfactant. Under the same pressure conditions within the CO,-crude oil system, the introduction of surfactant
results in a decrease in the density of crude oil while simultaneously increasing the density of CO; within the oil
phase. This expansion in oil volume indicates that CO; can dissolve more effectively in the crude oil, ultimately
contributing to a reduction in the minimum miscibility pressure between the oil and gas. As pressure increases,
the density of COs> in the oil gradually rises, suggesting that elevated pressure enhances the dissolution of CO>
in the crude oil. Concurrently, the density of crude oil in the central region of the system decreases due to the
increased pressure causing crude oil to disperse towards the system's edges, which leads to an expansion of the

volume occupied by the crude oil.
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Figure 9—Radial distribution functions of CO:-0il before and after adding C1.POg/radial distribution functions of

co2-0il in the system after the addition of C12POg as a function of pressure.
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Figure 9(a) presents the radial distribution functions of CO; and crude oil molecules, both with and without
the surfactant, under conditions of 344 K and 13.5 MPa. This graphical representation provides insights into the
interactions between these components. A comparative analysis of the two curves reveals that the introduction
of surfactants under identical conditions results in a steeper distribution curve with higher peaks. This
observation indicates a significant enhancement of the interaction forces between CO; and crude oil, facilitating
increased CO: solubility in the crude oil. Thus, the addition of surfactants alters the intermolecular forces
between oil and gas molecules, subsequently affecting the solubility of CO; in crude oil.

Figure 9(b) depicts the radial distribution functions between CO> and crude oil molecules within the CO»-
crude 0il-C12POs system at varying pressures of 11.5, 13.5, and 15.5 MPa. As pressure increases, the peaks of
these radial distribution functions become more pronounced. This trend signifies that, at higher pressure levels,
the intermolecular forces between CO: and crude oil molecules strengthen, leading to enhanced solubility of
COz in the crude oil.

Effect of Temperature on the Efficiency of Surfactant. Reservoir temperature is a critical determinant of the
minimum miscibility pressure in CO; flooding processes. To encompass the temperature range observed in the
examined reservoirs, this chapter performs molecular dynamics simulations on oil and gas systems at three
distinct temperatures: 323 K, 344 K, and 363 K.

The accompanying graph illustrates the variations in interfacial tension within the CO; and crude oil system
as a function of temperature. It is evident that, at lower pressures, interfacial tension decreases with rising
temperature, whereas at higher pressures, interfacial tension increases with temperature. By utilizing the linear
relationship between pressure and interfacial tension, specific pressure-interfacial tension equations were
formulated for different temperatures. Ultimately, we calculated the minimum miscibility pressure,
corresponding to the point at which interfacial tension approaches zero, as shown in Figure 10. These results
indicate that minimum miscibility pressure increases with rising temperature. Without the addition of surfactant,
the minimum miscibility pressure escalates from 12.808 MPa at 323 K to 18.65 MPa at 363 K. In contrast, with
surfactant inclusion, it rises from 12.13 MPa to 18.06 MPa.
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Figure 10—Variations in interfacial tension within the oil displacement system at different temperatures.

In all three temperature conditions, an equal number of Ci2POs surfactant molecules were introduced (16
molecules in total, with eight molecules on each side of the crude oil phase). The minimum miscibility pressure
(MMP) values before and after the addition of surfactants at each temperature were compared, and the results

12



Improved Oil and Gas Recovery

are presented in Table 2. It is evident that an increase in temperature results in a greater reduction in the
minimum miscibility pressure of the system. At 362K, the reduction is 10% higher compared to that at 323K.

Table 2—The minimum miscibility pressure for CO; flooding under different conditions.

Minimum Miscibility Pressure, MPa

Temperature, K Reduction, %
COx+toil COstoil +C12PO¢
323 12.81 12.13 5.29
344 18.65 16.90 9.38
363 21.32 18.06 15.29

Table 2 reveals that within the reservoir temperature range, the minimum miscibility pressure for CO;
flooding increases as the temperature rises. However, the addition of surfactant demonstrates more effective
performance. At a temperature of 363 K, the reduction in minimum miscibility pressure is notably higher
compared to that at 323 K. Therefore, within this temperature range, reservoirs with higher temperatures are
better suited for utilizing surfactants as additives to enhance oil recovery.

Conclusions

This study utilized molecular dynamics simulations to construct systems consisting of CO; and oil, as well as
COy, oil, and a surfactant (C12POg). Interface tensions were computed at different pressures under constant
temperature for both systems. The minimum miscibility pressure was determined using the interface
disappearance method, and the research focused on investigating how non-ionic surfactants reduce the
minimum miscibility pressure. The investigation was primarily conducted by examining instantaneous phase-
separation trajectories, density distributions, and radial distribution functions. These analyses shed light on the
mechanisms at play in the interactions between CO> and crude oil, as well as the impact of surfactants in CO»-
oil systems. The key findings are as follows:

(1) The addition of surfactants noticeably widens the oil-phase interface and increases its volume occupancy.
Surfactant molecules added to the system adsorb at the interface between crude oil and CO,, forming a
molecular film that enhances the interaction forces between the two, resulting in an expanded interface
width.

(2) Surfactants can effectively reduce the minimum miscibility pressure (MMP) of the CO:-crude oil system,
facilitating the achievement of miscibility at lower reservoir pressures, thereby enhancing recovery (at a
reservoir temperature of 344K, the reduction is increased by 9.36%).

(3)Temperature is a crucial factor affecting the effectiveness of recovery. With increasing reservoir
temperature, the minimum miscibility pressure (MMP) for CO2 and crude oil tends to rise, making it
more difficult to achieve miscibility. However, at higher temperatures, the addition of surfactants leads
to a more substantial reduction in MMP, enhancing their effectiveness in lowering MMP (at 363K, the
decrease in temperature is enhanced by 10% compared to 323K).
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