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Abstract: In deep oil reservoirs, the existence of associated gas generally has a crucial impact on
crude oil properties and flow performance. In this work, adopting molecular dynamic simulation, we
studied the occurrence characteristics of oil with associate gas methane (the molar ratio of methane
to oil rm/o were 1/4, 2/3, 3/2, and 4/1) in nano-pore throat and the displacement behavior of oil and
methane in the water flooding process. Simulation results indicated: (1) an increasing replacement
of the adsorption-status oil by methane as the methane content increased; (2) the oil and methane
displacement efficiency was enhanced as the methane content increased in the water displacement oil
and gas process; (3) the threshold displacement pressure gradually decreases as the methane content
increases. The microscopic characteristics of the occurrence features and displacement performance
of crude oil with associated methane in nano-pore throat were discussed in detail, and the underlying
mechanism was discussed at the length concerning the interaction between different components.
Our work provides an in-depth understanding of the occurrence characteristics and flow resistance
of oil with associated gas in deep oil reservoirs.

Keywords: the occurrence characteristics; oil with associated gas; water displacement oil and gas
process; molecular dynamic simulation

1. Introduction

In recent years, with the increasing scarcity of conventional oil and gas resources,
unconventional oil and gas have received extensive attention [1–3]. The exploration practice
in recent years has proved that there are rich oil and gas resources in the deep layer of
the basin under the current main series of exploration [4–6]. Deep oil and gas reservoirs
have been found to exist all over the world. More than 1000 oil and gas fields have been
discovered within deep reservoirs globally, which have huge storage content [7]. In deep
oil and gas reservoirs, subsurface natural gas is mainly composed of hydrocarbon gases
and several kinds of nonhydrocarbon gases [8,9]. Hydrocarbon gases, which are the most
common compounds in natural gases, can be generated at all stages of organic matter
thermal maturation processes.

The occurrence state characteristics of oil and gas in deep reservoirs are an important
basis for enhanced oil recovery, which can provide basic data and theoretical reference
for the evaluation of reservoir reserves, recoverable capacity, and the optimization of
development plans [10,11]. Some studies have found that the occurrence states of deep
oil and gas in the reservoir are mainly found in two forms: the free state of bulk phase in
natural pores and fractures and the adsorbed oil and gas on the surface of minerals [12,13].
The proportion of oil and gas, the porosity and permeability characteristics of the reservoir,
etc., affect the migration of oil and gas and the development of deep oil and gas. In terms of
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the occurrence characteristics of oil and gas in nano-pores, previous researchers have carried
out a lot of experimental and theoretical research and achieved many valuable results. Zhao
et al. measured the adsorption isotherms of methane, ethane, propane, n-butane, iso-butane,
and carbon dioxide for two kinds of shales and the kerogens isolated from the two shales.
They found that the adsorption of n-butane was one order of magnitude higher than that
of methane (0.2 MPa and 35–65 ◦C) [14]. Rezlerova et al. employed Monte Carlo and
molecular dynamic simulation to simulate the adsorption, self-, collective, and transport
diffusivities of methane, ethane, propane, and carbon dioxide in shale kerogen micropores
and mesopores [15]. The simulation results showed that the total adsorption increases with
increasing pressure and decreases with increasing temperature as the pressure drives the
fluid molecules into the micropores and mesopores. In the micropores, methane displays
the highest adsorption, followed by ethane and propane. Wu et al. studied the wettability
impact on nanoconfined methane adsorption behavior in organic-rich and inorganic-rich
nano-pores [16]. They obtained the relationship between solid–methane interactions and
the surface contact angle and found that the adsorption capacity in organic-rich shale is
1.72 times that in inorganic-rich shale.

The occurrence characteristics of oil and gas in nano-pores significantly affect the flu-
idity of oil and gas reservoirs. The intermolecular interactions and the interactions between
the molecules and the pore surface could alter the fluid properties such as critical properties,
phase behavior, solubility, viscosity, and interfacial tension among them because the pore
surface available per unit volume increases [17–21]. Zhang Jun et al. employed molecular
dynamics simulation to study the interfacial tension of oil/methane/water systems [22].
They found that the interface tension (IFT) decreased as the methane mole fraction in-
creased. When liquid or gas flows through nano-pores, the adsorption phenomenon is
very important and has a significant influence on flow enhancement [23–25]. Wang et al.
studied the methane flow character as fast methane transport through different types of
nano-pore [26]. Their research results showed that nanoscale flow patterns strongly depend
on the adsorbed layers–solid interactions and the nature of the substrate surface. Xiong et al.
investigated the displacement behavior of nanoslit oil by injected gases (CO2, CH4, N2,
and C3H8) [27]. They found that the dissolubility of gas, the adsorption strength of oil, and
the detachment capability of injected gas play crucial roles in displacement performance.
Zhang et al. investigated the transport of an oil/gas mixture droplet through the aqueous
nano-pore [28]. They concluded that the dissolution of methane in the oil droplet reduces
the oil–water interfacial tension and increases the diffusivity of oil, the merged methane
inside the oil droplet reduces the oil conformation energy and promotes oil deformation,
and methane reduces the oil–pore interaction and decreases the resistance as the oil droplet
passes through the pore throat.

Although previous researchers have conducted lots of theoretical and experimental
studies on the occurrence and fluidity of oil and gas in nano-pores, the microscopic occur-
rence and flow characteristics of deep oil and gas reservoirs and the complex interaction
among oil, gas, and rock are still not clear, especially in the oil and gas displacement process.
In this paper, using molecular dynamics simulation, the occurrence characteristics and
fluidity characteristics in water injection were used to explore the process of deep oil and
gas in nano-pores. The mixture fluid of octane and methane (the molar ratio of gas to
oil were 1/4, 2/3, 3/2, and 4/1) was selected to simulate oil and gas in deep oil and gas
reservoirs. The adsorption characteristics of oil and methane on the rock surface have
been intensively studied. Further, the flow characteristics and the flow resistance in the
water displacement oil and gas process were investigated. The density distribution of oil
and methane, microscopic dynamic behavior, interaction between molecules, migration
behavior, oil and gas displacement efficiency, and the threshold displacement pressure of
oil and gas were analyzed. Our work provides an in-depth understanding of the occurrence
characteristics and flow resistance of oil with associated gas in deep oil and gas reservoirs,
and provides a valuable reference for the storage and the exploration and development of
deep oil and gas.



Processes 2023, 11, 2529 3 of 16

2. Simulation Model and Method
2.1. Simulation Models

According to previous research [21,27–30], quartz is often used to represent the in-
organic surface of oil reservoirs. Here, we construct a quartz nano-pore throat with a
diameter of 6 nm. The silica surface is generated by cleaving the α-quartz along the
(0 0 1) crystallographic orientation. Then, the surface is methylated with methyl and
forms a hydrophobic surface (Figure 1b) [31]. The dimensions of the silica slab are
2.46 × 1.4 × 11.8 nm3 (XYZ). Octane is used to represent oil since deep oil is mainly light
oil. The mixture fluid of octane and methane molecules (the molar ratio of methane to oil
rm/o are 1/4, 2/3, 3/2, and 4/1) are confined within the quartz nano-pore. A mixture fluid
of octane and methane with a thickness of 2 nm is placed to the left and side of the nano-
pore throat, respectively. The molecule number of oil and methane can be obtained based
on the density of the mixture fluid of octane and methane during construct models. The
density and molecule numbers of octane and methane in different mixture fluids of octane
and methane systems can be found in Table 1 (the density of the mixture fluid of octane
and methane are from the NIST-REFPROP database [32]). Then, the water phase is placed
to the left side of the nano-pore throat with a length of 10 nm along the z-axis. Additionally,
two Argon sheets are placed on the left side of the water phase and the right side of the
oil phase, respectively, defined as rigid bodies in the simulation. Vacuum areas with sizes
of 3 nm and 27.2 nm are placed on the left and right sides of the model to eliminate the
effects of periodic boundary conditions on the interactions between fluids. To compare, the
octane/water/silica system is also built. The final dimension of the simulated boxes for
different models is 2.46 × 8.8 × 53.0 nm3 (XYZ). The initial model of water/oil is shown in
Figure 1a, and the initial model of the water/oil/methane nano-pore throat system at the
molar ratio of methane to oil rm/o = 3/2 is also shown in Figure 1a as an example. Other
models can be found in Supplementary Materials (Figure S1). A temperature of 353 K and
a pressure of 20 MPa are selected in our simulation.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) The initial model of water/oil and water/oil/methane (the molar ratio of methane to oil 

rm/o is 3/2) nano-pore throat system; (b) hydrophobic quartz surface and nano-pore throat. 
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Figure 1. (a) The initial model of water/oil and water/oil/methane (the molar ratio of methane to oil
rm/o is 3/2) nano-pore throat system; (b) hydrophobic quartz surface and nano-pore throat.
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Table 1. The density and molecule numbers of the mixture fluid of octane and methane used in our
models (353 K, 20 MPa).

Molar Ratio of
Methane to Oil Density a (g/cm3) Octane Number Methane Number

0 0.676 788 0
1/4 0.624 768 192
2/3 0.581 690 460
3/2 0.520 600 900
4/1 0.519 461 1844

a The density of the mixture fluid of octane and methane is from the NIST-REFPROP database [32].

2.2. Force Fields

The simple point-charge SPC/E model [33] describes the water molecules, which is
the most extensive force field for water molecules [22,28]. The consistent valence force
field (CVFF) [34] is used for silica, and previous researchers have proved that the CVFF
force field could successfully describe hydrophobic quartz surfaces [35]. The optimized
potentials for liquid simulations all-atom (OPLS-AA) force field [36] is applied for octane
and methane, which has been successfully applied to simulate alkane [22,26–28]. For
the bonded potential, it includes bond stretching, angular bending, and dihedral angle
torsion. The non-bonding interactions between molecules include short-range van der
Waals (vdW) and long-range electrostatic interaction. The vdW and electrostatic interactions
are represented by Lennard-Jones 12-6 and Coulombic potentials, respectively, as shown
in Equation (1).

Vnon−bond = εij

(σij

rij

)12

−
(

σij

rij

)6
+

qiqj

4πε0rij
, (1)

where εij and σij are the potential well depth and collision diameter, and rij is the distance be-
tween atoms i and j. qi represents the charge of atom i, and ε0 = 8.8542 × 10−12 C2 N−1 m−2

is the permittivity of the vacuum. The detailed interaction parameters of oil, methane,
water, and quartz are listed in Table S1 in the Supplementary Materials.

2.3. Equilibrium Molecular Dynamics (EMD)

All MD simulations are performed with the LAMMPS package [37]. The three-
dimensional periodic boundary condition is applied with a cutoff radius of 10 Å and
a time step of 1 fs. The Nosé–Hoover thermostat [38] controls the temperature during
all the above MD simulations. The long-range electrostatic interactions are calculated by
the particle–particle–particle-mesh (PPPM) method [39]. First, the initial configuration is
optimized using the steepest descent method. Then, a 5 ns equilibrium molecular dynamics
(EMD) simulation under the NVT ensemble at 353 K and 20 MPa is conducted on each
nano-pore throat system with the quartz surfaces and water are fixed until the system
reaches equilibrium. The constant pressure 20 MPa is applied in opposite directions of the
corresponding forces to the two Argon sheets to control the fluid pressure. All the dynamic
trajectories and snapshots of the interfacial configurations are rendered using VMD (Visual
molecular dynamics) software [40]. After the EMD simulation of oil and methane, a 2 ns
EMD simulation is conducted to each nano-pore throat system with the quartz surfaces, oil
and methane fixed until the water phase reaches equilibrium.

2.4. Steered Molecular Dynamics (SMD)

The steered molecular dynamics (SMD) simulation is performed by exerting a spring-
pulling force onto the COM (center of mass) of the left Argon sheet along the positive
direction of the z-axis to mimic the process of water displacement oil and gas in the
nano-pore throat [41,42]. The spring force is expressed as:

F = K(Z0 + υt − ZCOM), (2)
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where F is the spring pulling force; K is the spring constant, which is 0.001 Kcal mol−1 nm−2

in the simulation; Z0 is the initial COM position of the left Argon sheet in the Z-axis
direction; υ is a constant velocity along the Z-axis direction, which is 0.001 nm·ps−1 in the
simulation; t is the simulation time; Zcom is the real-time position of the left Argon sheet
COM along the Z-axis direction. The position at (Z0 + υt) is a reference point, which moves
along the Z-axis at a constant speed. Each system experiences a 10 ns SMD simulation,
and all other simulation details are identical to those in the EMD simulation. The applied
spring force is shown schematically in Figure 1a.

3. Results and Discussion
3.1. Microstates and Distribution of the Oil and Methane in the Quartz Slits

The final EMD configurations of water/oil/methane nano-pore throat systems are
shown in Figure 2a–e. The molar ratio of methane to oil rm/o is (a) 0, (b) 1/4, (c) 2/3, (d) 3/2,
and (e) 4/1, respectively. It can be seen from the EMD configurations that as the methane
content increases, methane molecules tend to cluster together, which is not obvious at
rm/o = 1/4 and rm/o = 2/3. However, when rm/o increases to 3/2 and 4/1, methane
molecules cluster together significantly. At rm/o = 4/1, the aggregation of the methane
molecules even forms a gas channel within the nano-pore throat, which indicates that
compared to methane, oil molecules are more likely to adsorb on the rock surface, while
methane molecules tend to aggregate in the center of the nano-pore throat. The adsorption
behavior of methane and octane is ascribed to the adsorption propensity of n-alkanes with
more carbon atoms per molecule; therefore, the vicinity of the solid walls is preferentially
adsorbed by longer alkanes [43,44]. In addition, as the methane content increases, the
overall volume of the oil and gas mixing area increases, which is due to the swelling effect
of the gas.
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Figure 2. (a)-(e) The oil and methane EMD configurations of water/oil/methane nano-pore throat systems. The molar 
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Figure 2. (a–e) The oil and methane EMD configurations of water/oil/methane nano-pore throat
systems. The molar ratio of methane to oil rm/o is (a) 0, (b) 1/4, (c) 2/3, (d) 3/2, and (e) 4/1.
(f) The density distribution of oil and (g) the density distribution of methane along y-axis for different
rm/o systems.
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To quantitatively analyze the occurrence status of formation oil and methane under
different formation methane saturations, the density distribution profiles of oil and methane
along the nano-pore throat width were calculated, as shown in Figure 2f,g. It can be seen
from the figures that both for oil and methane, the density profiles show adsorption peaks
near the nano-pore throat surface. The interval of the adsorption peak of oil molecules
is larger than that of methane molecules due to the difference in the molecular size of oil
and methane. The adsorption peaks of oil molecules appear in the region of 1.5–3 nm and
6–7.5 nm, and the free-state zone of oil molecules is in the region of 3–6 nm. The adsorption
peaks of methane molecules appear in the region of 1.5–2.4 nm and 6.6–7.5 nm, and the
free-state zone of methane molecules is in the region of 2.4–6.6 nm. The adsorption zone
of oil and methane is consistent with previous research [20,45–47]. It can be seen from
Figure 2f that with the increase in methane content, the density of oil molecules shows a
downward trend. When the methane content was low (rm/o = 1/4 and 2/3), we found that
the amplitude of the first adsorption peak (near the rock surface) was almost the same with
the pure oil system, which indicates that oil molecules tend to adsorb near the nano-pore
throat surface, and have reached saturation adsorption at rm/o = 2/3. From Figure 2g, it
can be seen that as the content of methane molecules increases, the density of methane
molecules gradually increases. The first adsorption peaks near the nano-pore throat surface
increase when the methane content increases from rm/o = 1/4 to 2/3. When the methane
content increases to rm/o = 3/2 and 4/1, the amplitude of the first adsorption peaks shows
no more changes. The amplitudes of the first methane adsorption peaks of rm/o = 3/2
and 4/1 are almost equal, i.e., the adsorption of methane on the nano-pore throat surface
reaches saturation at methane content rm/o = 3/2.

From the above analysis, oil or methane occurrence status could be divided into
two types. One is free-status molecules, which locate the internal nano-pore throat. The
other is adsorption-status molecules, which are adsorbed on the nano-pore throat surface
and located near the surface. Among them, the free-status molecules could be easily
replaced by a displacement agent, while adsorption-status molecules interact more with
the rock surface, making it difficult to be displaced out of the reservoir. To provide a
clearer description of the adsorption-status molecules of oil and methane, we calculated
the atom numbers of adsorbed oil (1.5–3 nm and 6–7.5 nm) and methane (1.5–2.4 nm and
6.6–7.5 nm), as shown in Figure 3. It can be seen that as the methane content increases and
the oil content decreases, the number of adsorbed oil atoms gradually decreases, and the
number of adsorbed methane atoms gradually increases. These phenomena indicate that
although oil molecules tend to adsorb on the rock surface, some adsorbed oil molecules are
replaced by methane when the methane content increases, i.e., when the methane content
increases, in addition to forming clusters or gas channels in the center of the pores, the
adsorbed methane molecules on the rock surface also increase. Previous studies by Moh
et al. in their research of decane extraction from nano-pores by CH4 also showed that when
methane molecules are mixed with decane molecules in nano-pores, a large amount of
adsorbed oil molecules would be replaced by methane molecules [20].

To obtain a deep understanding of the competitive adsorption of oil and methane
mentioned above, we calculate the interaction energy between the oil and rock surface,
methane and rock surface, and the interaction energy between oil and methane along with
simulation time, as shown in Figure 4. It can be seen from the figure that the methane
and rock surface has weak interaction, the oil and rock surface has strong interaction, and
methane and oil have a very strong interaction. Therefore, less adsorbed oil and more
adsorbed methane are beneficial for displacement by the injected liquid. From the above
analysis, it can be inferred that in the next water flooding process, the displacement rate D
of oil and methane would follow Drm/o=4/1 > Drm/o=3/2 > Drm/o=2/3 > Drm/o=1/4 > Drm/o=0.
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3.2. Water Displacement Oil and Gas Process in Nano-Pore Throat

In Section 3.1, we analyzed the occurrence state of the pure oil, mixture fluid of oil
and methane (rm/o = 1/4, 2/3, 3/2, and 4/1) in the quartz nano-pore throat. When oil
and methane coexist in the nano-pore throat, the content of methane and oil affects the
occurrence state of free-status and adsorption-status of oil or methane, which results in
different displacement rates of oil and methane for different rm/o systems in the water
injection process. Therefore, in this section, we further investigate the flow behavior of oil
and methane in the water flooding process of these systems to determine the influence of
the content of oil and methane on the water displacement oil and methane process in the
nano-pore throat.

3.2.1. Water Displacement Oil and Gas Process

Figure 5 shows the dynamic process of the water displacement oil and gas process at
2 ns, 4 ns, 6 ns, and 8 ns for pure oil and rm/o = 1/4, 2/3, 3/2, and 4/1 systems. It can be
seen that with the simulation processes, under spring pulling force on the left Argon sheet,
the water moved forward along the z-axis and gradually entered the nano-pore throat. As
a result, oil or methane were gradually pulled out of the nano-pore throat. Comparing
the water displacement oil and methane process of different methane content systems, it
can be seen that at the same simulation time, the front of the water tends towards larger
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z-coordinates as the methane content increases (oil content decreases), which indicates a
gradual decrease in resistance and gradual increase in displacement rate with the increase
of rm/o. This is consistent with our previous analysis in Section 3.1. The rapid self-diffusion
of methane and oil molecules as the methane content increase have also been reported by
Moh et al. in their research of decane molecules extraction from nano-pores by CH4 [20]. In
addition, the clusters of methane molecules and the gas channel at the center of the pore
throat (rm/o = 3/2 and 4/1) are beneficial for faster expulsion of methane from the nano-
pore throat. Therefore, it can be seen via the simulation process that numerous methane
molecules quickly pass through the nano-pore throat and form larger gas clusters on the
right side at rm/o = 3/2 and 4/1.
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Figure 5. The dynamic process of water displacement oil and methane process at 2 ns, 4 ns, 6 ns and 8 ns for different rm/o system. Figure 5. The dynamic process of water displacement oil and methane process at 2 ns, 4 ns, 6 ns, and
8 ns for different rm/o systems.

To further reveal the displacement process of free-status and adsorption-status oil
and methane during water displacement, we calculated the density distribution of oil and
methane in the z-direction and y-direction. The density profiles of oil and methane at
rm/o = 3/2 are shown in Figure 6 as an example. Figure 6a,b shows the density distribution
of oil and methane along the z-direction at 2 ns, 4 ns, 6 ns, and 8 ns, respectively. The
position of the nano-pore throat is at approximately z = 18–29.8 nm. It can be seen that with
the simulation process, both oil and methane move forward along the z-axis, indicating
that oil and methane are gradually being displacement out of the nano-pore throat by
water. In Figure 6a, at 2 ns, oil has an appreciable density distribution within the nano-pore
throat, and there is a deep valley appears between z = 32–35 nm on the right side of the
nano-pore throat, indicating a small density distribution of oil in this region. In Figure 6b,
it can be seen that the methane density distribution on the right side of the nano-pore
throat is greater than that in the nano-pore throat, and there is a large peak in the region
z = 32–35 nm at 2 ns, i.e., a large amount of methane molecules aggregates in this region.
These phenomena show that methane could be more easily displaced out of the nano-
pore throat than oil. Along with the simulation time, as the oil is gradually pulled out of
the nano-pore throat, the density of oil gradually increases in the region z = 32–35 nm,
indicating that the expelled oil has filled this area.

Figure 6c shows the density distribution of oil along y-axis at 2 ns, 4 ns, 6 ns, and 8 ns
at rm/o = 3/2. The density profiles of oil and methane of other systems along the y-axis
can be found in Supplementary Materials (Figure S2). It can be seen that the amplitude
of the first adsorption oil peaks near the rock surface (1.7 nm and 7.2 nm) is almost the
same at 2 ns, 4 ns, and 6 ns, and they are decreased at 8 ns, yet the adsorption peaks in
the region 2–3 nm and 6–7 nm gradually decrease with time. These phenomena indicate
that in the water displacement process, the oil molecules adsorbed on the rock surface
are not easy to be stripped, and the oil molecules away from the rock surface are easier
to be pulled out, which could be ascribed to the strong interaction between oil and rock
surface and very strong interaction between oil and free-status methane in the center of the
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nano-pore throat (Figure 7). Therefore, the oil molecules away from the rock surface could
be driven out of the nano-pore throat along with the free-status oil and methane molecules.
Figure 6d shows the density distribution of methane molecules along the y-axis at 2 ns,
4 ns, 6 ns, and 8 ns, respectively. The peaks near 1.7 nm and 7.2 nm represent the methane
molecules adsorbed on the rock surface. It can be seen that their amplitude gradually
decreases with time. The second adsorption peaks near 2.2 nm and 6.7 nm represent the
methane molecules adsorbed on the oil and methane near the rock surface, which reach the
highest at 4 ns and then decrease gradually with the simulation process. These phenomena
indicate that in the water displacement process, methane molecules adsorbed on the rock
surface could be more easily stripped off the rock surface than the second adsorbed layer
of methane molecules. The above behavior of methane molecules could be ascribed to
the weak interaction between methane and the rock surface and the strong interaction
between oil and methane (Figure 7). Therefore, for these adsorption methane molecules,
methane molecules depart from the rock surface first, then they are adsorbed on the near
rock surface oil and methane, and these methane molecules could be pulled out of the
nano-pore throat along with the free-status oil and methane.
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Figure 7. The interaction energy between different components in water displacement oil and
methane process.

3.2.2. The Threshold Displacement Pressure

In the water injection process, an important parameter is the threshold displacement
pressure. The threshold displacement pressure is crucial to quantify the pressure required
for fluids being transported into the capillary [48]. In order to investigate the effect of the
content ratio of methane and oil on the threshold displacement pressure during the water
displacement oil process, we calculated the pulling force (exert on the left Argon sheet)
as a function of simulation time, as displayed in Figure 8a,b. Additionally, the evaluable
threshold displacement pressure for different rm/o systems is shown in Figure 8c. The
pressure conversion equation and conversion parameters can be found in Supplementary
Materials (Table S2).
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In 1923, Bosanquet [49] thought that in the capillary action of fluids flowing through
a nano-pore, the contributions of inertial drag and viscous resistance counteracted the
capillary pressure. Oyarzua et al. [50] used the Bosanquet model of capillarity to describe
the nanoscale imbibition of water through a nano-pore. In their study, the capillary fill-
ing kinetics underwent three stages: the beginning of the imbibition (inviscid stage), the
capillary filling stage (inertial drag and viscous resistance both exit stage), and the purely
viscous regime (no inertial drag stage). The three stages concluded by Oyarzua et al. [50]
can also be seen in Figure 8a,b. In Figure 8a,b, it can be seen that the water displacement
pure oil or oil and methane process has gone through three stages. From Figure 8a, in
stage I, the pulling force increases slowly. In this stage, water molecules gradually approach
the nano-pore throat under the pressure of the left Argon sheet. Since the pulling force
is small during this stage, we could conclude that, in this stage, the resistance is small.
In stage II, water molecules begin to charge into the nano-pore throat. The pulling force
increases quickly and finally reaches a turning point at 4.7 ns, which indicates a difficult
entrance of water into the nano-pore throat. In stage III, the pulling force almost maintains
a constant value, indicating a steady propel of water molecules. In this stage, resistance is
counteracted by the pulling force, i.e., when the pulling force in the water displacement
oil and gas process is greater than this pulling force value, oil and gas could be driven
out from the reservoirs. So this pulling force value in stage III could be considered the
threshold displacement force and be used to evaluate the threshold displacement pressure
in oil and gas recovery. Comparing Figure 8a,b, it can be seen that as the methane content
increases and the oil content decreases, the experience time for stage I and II decrease grad-
ually, indicating that the displacement rate gradually accelerates as the methane content
increases. In addition, the threshold displacement pressure gradually decreases with the
increase in methane content. The threshold displacement pressure is 19.36, 17.15, 16.48,
15.63, and 14.61 MPa when rm/o = 0, 1/4, 2/3, 3/2, and 4/1, respectively (Figure 8c).
Similar research results have been reported by Zhang et al. in their research of the migra-
tion of octane/methane mixture droplets from a wide area into a nano-pore throat [28].
They also found the threshold pulling force was decreased with the increasing methane
molar fraction.

As mentioned above, when water enters into the nano-pore throat from the wide
area (stage II), there is big resistance which causes the pulling force to continue to increase
until it reaches the threshold displacement force. According to Oyarzua et al. [50], in this
stage, the inertial drag resistance and viscous resistance both exist, and the Jamin effect
plays an important role [51,52]. The shrunk droplet diameter causes an additional pressure
difference, hindering the droplet transport. The Jamin effect could be represented by the
following equation:

∆P = 2γ(
1

R1
− 1

R2
), (3)

where ∆P is the pressure difference of water charging into the pore throat, and γ is the
IFT of the oil–water. R1 and R2 refer to the radii of water on the outer side and the inner
side of the pore throat, respectively. The schematic diagram of the Jamin effect can be seen
in Figure S3. In our simulation, R1 � R2. Therefore, ∆P < 0, which means the pressure
caused by the Jamin effect hinders the water phase charging into the nano-pore throat.
Since ∆P is proportional to the oil–water interfacial tension γ, we calculated the oil–water
interfacial tension of pure oil and different rm/o oil and methane systems, as shown in
Figure 9. The IFT of pure oil–water is 48.1 mN/m, consistent with previous experiments
and calculations [28,52]. It can be seen that as the methane content increases and the oil
content decreases, the IFT gradually decreases, which is consistent with the research results
of Zhang et al. [28]. Therefore, from Equation (3), as the methane content increases and
the oil content decreases, the corresponding Jamin effect gradually weakens, which is the
reason why the threshold displacement pressure follows Prm/o=0 > Prm/o=1/4 > Prm/o=2/3 >
Prm/o=3/2 > Prm/o=4/1. The calculation method for interfacial tension is shown in Figure S4.
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Figure 9. The oil–water interfacial tension (IFT) of different rm/o systems.

In addition, the fluidity of oil and gas will change with the methane content. In stage
II and III, as Oyarzua et al. [50] reported, viscous resistance plays an important role. Zhang
et al. found that the viscosity of oil gradually decreases with the increase of methane
content [28]; that is, the fluidity of oil and methane increases with increasing methane
content. Therefore, oil and methane in a high methane-content system are more easily
displaced by water.

3.2.3. The Displacement Rate of Oil and Gas

In order to intuitively demonstrate the effect of the content ratio of oil and methane
on the oil and gas displacement efficiency, we calculated the atom number of water in
the nano-pore throat, as shown in Figure 10. In Figure 10, the atom numbers of water in
the nano-pore throat first experience a period of time equal to zero, which indicates that
water has not yet entered the nano-pore throat. Then, the atom numbers of water in the
nano-pore throat gradually increase, indicating that water molecules begin to enter the
nano-pore throat and drive oil and methane out of the nano-pore throat. It can be seen
from Figure 10 that it takes a shorter time for water to enter into the nano-pore throat when
the methane content increases. And the atom number N of water in the nano-pore throat
follows Nrm/o=4/1 > Nrm/o=3/2 > Nrm/o=2/3 > Nrm/o=4/1 > Nrm/o=0 at the same simulation
time, indicating the displacement efficiency of oil and gas increases with the increase of
methane content.

To explain the mechanisms of accelerating the oil and gas displacement process in
water flooding as the methane content increases, we calculated the atom number of the
adsorbed oil and methane along with the simulation time for different rm/o systems, as
shown in Figure 11a,b. The adsorption region of oil and methane could be delimited based
on the adsorption peak interval in Figures 2 and 6. It can be seen in Figure 11a,b that the
atom number of adsorbed oil decreases with the increasing content of methane, and the
atom number of adsorbed methane increases with the increasing content of methane. As
mentioned in Section 3.2.1 and Figure 7, since the interaction between oil and rock surface
is strong and the interaction between the methane and rock surface is weak, a decrease
in adsorbed oil and an increase in adsorbed methane is beneficial for the detachment of
adsorbed oil and methane. Therefore, the larger the rm/o, the greater the displacement rate
of oil and methane.
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Figure 11. Atom number of adsorbed (a) oil and (b) methane in the nano-pore throat for different
rm/o systems in water displacement oil and methane process.

4. Conclusions

In this work, adopting molecular dynamic simulation, we studied the occurrence char-
acteristics of oil with associated gas methane in the nano-pore throat and the displacement
behavior of oil and methane in the water flooding process. Simulation results showed that:

(1). The occurrence characteristics of oil with associated gas methane in the nano-pore
throat indicated that there were two occurrence statuses of oil and methane: free status
located within the nano-pore throat and adsorption status on the rock surface. We
found methane molecules tend to cluster together and form a free status. Compared
to methane, oil molecules were more likely to adsorb on the rock surface. We also
found that the adsorption-status oil molecules gradually decrease and the adsorption-
status methane molecules gradually increase as the methane content increases, which
would be beneficial to improving oil and methane displacement efficiency in the water
flooding process.
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(2). In the water displacement oil and gas process, the trajectory of the displacement
process and the atom number of water in the nano-pore throat showed that the oil
and methane displacement efficiency was enhanced as the methane content increased,
which could be ascribed to a decreasing amount of adsorbed oil and an increasing
amount of adsorbed methane as the methane content increased. In addition, we found
that the threshold displacement pressure in the displacement process gradually de-
creased as the methane content increased as follows: Prm/o=0 > Prm/o=1/4 > Prm/o=2/3
> Prm/o=3/2 > Prm/o=4/1, which could be ascribed to the decrease of the oil/water IFT
and the oil viscosity as the methane content increases.

Our work provides an in-depth understanding of the occurrence characteristics and
flow resistance of oil with associated gas in deep oil reservoirs, which may help to promote
the storage and development of deep oil and gas and provide valuable references to
optimize oil and gas extraction processes. Due to limitations in computational power,
our research can only be conducted on the size of nano-pores. However, there are many
micron-scale or larger-size pores in the oil and gas reservoir. In addition to this, the impact
of heterogeneity in oil and gas reservoirs on the displacement process was not considered
in this work. Relevant in-depth research is expected to be conducted from the perspective
of seepage mechanics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr11092529/s1, Table S1. Force field parameters for octane, methane, water
and quartz. Table S2. Conversion parameters of threshold displacement pressure. Figure S1. The
initial model of water/oil/methane nano-pore throat systems. Figure S2. The density profiles of
oil and methane along y axis in water displacement oil and methane process. Figure S3. Schematic
diagram of Jamin effect (Reference [52]). Figure S4. Snapshot of MD simulation of oil-water interfacial
tension. (References [53–55] are cited in the Supplementary Materials).
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