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Understanding the mechanisms of CO; extraction or flooding are vital for enhancing oil recovery (EOR) in tight
reservoirs. In this study, the CO2 EOR mechanism in the displacement-affected area (DPAA) and diffusion-
affected area (DFAA) of quartz nanopores were thoroughly investigated using molecular dynamics simulation
techniques. First, the following two contents were mainly simulated, namely CO5 flooding oil in the single/
double nanopores of DPAA and CO3 extraction oil in dead-end nanopores of the DFAA with and without the
water film. Then, tight oil potential energy, threshold capillary pressure, COy solubility, and oil swelling in
nanopores were calculated to clarify the effects of CO, on oil transport. Moreover, different CO, injection/
flowback rates and different water film thicknesses on dead-end nanopores on oil recovery were discussed. In the
DPAA, the CO; solubility and the oil swelling factor gradually decreased with distance from the CO-oil interface
(Y = 0 nm), where the higher the injection rate, the more easily the CO; dissolved in the oil. However, the
injection rate of CO, was inversely proportional to oil recovery. In addition, it took longer for the displacement
efficiency in the 6 nm pore of double pores to reach the same displacement efficiency as in the single 6 nm pore.
In the DFAA, the effect of flowback rate on the displacement efficiency of oil was relatively low. However, the

thickness of the water film was a key factor that affected the oil displacement efficiency in the DFAA.

1. Introduction

Tight oil as an unconventional energy source has gradually become
an essential strategic replacement for traditional fossil fuels [1,2]. Sta-
tistics released by the Energy Information Administration (EIA) showed
that in 2020, nearly 65% of total oil production in the U.S. was extracted
from tight formations [3,4]. Tight oil reservoirs in China generally have
the characteristics of strong heterogeneity, large variations and limited
distribution, poor physical properties and fracture development, low
permeability and porosity, and small pore throats. Therefore, the pri-
mary recovery factor has shown to be around 5-10% despite conducting
massive hydrofracturing and long horizontal wells drilling operations
[5-71, indicating a large amount of crude oil still remains in these tight
formations. Thus, adopting effective methods to improve tight oil re-
covery has become an urgent issue to be solved. CO, has gained
considerable attention in enhanced oil recovery (EOR) as a displacement

medium that can be applied to reduce the crude oil viscosity and density,
expand the crude oil volume, and reduce interfacial tension [8-10].
The methods of CO2-EOR mainly include CO5 injection [11-13],
water alternating CO» (WAG) injection [14,15], and COg huff and puff
(HNP) [16-18]. Among these, the CO, HNP method has been mostly
used for the production of single wells in tight reservoirs. Ding et al. [19]
and Afari et al. [10] analyzed the effect of the HNP cycle number, in-
jection rate, and the production bottom-hole pressure on EOR in their
research. However, the interaction mechanism between CO; and crude
oil was the key to CO,-EOR. Liu et al. [20] conducted a CO, HNP
experiment using an online nuclear magnetic resonance (NMR) instru-
ment and found that the dissolved CO5 drive controlled by molecular
diffusion was the dominant mechanism in tight cores. Tang et al. [21]
found through experimental research that the main COy recovery
mechanism was different in different CO-affected areas. In our previous
study [22], the distribution of remaining oil in the different affected
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areas during COy NHP, which was obviously different between the
displacement-affected area (DPAA) and the diffusion-affected area
(DFAA), was further investigated.

Many experimental studies have been conducted to investigate the
EOR potential of CO,. However, in tight reservoirs with developed nano-
scale pores, it is still a challenge to explore the oil production law of
crude oil in nanopores in different affected areas with current experi-
mental techniques. Therefore, molecular dynamics (MD) simulations
have been used as a feasible and powerful tool to provide deeper insight
into the liquid or gas properties at the nanoscale, which could help to
understand dynamical, energetic, and structural properties at the mo-
lecular level [23-28]. Sedghi et al. [29] and Wang et al. [26] simulated
pressure-driven oil flow mechanism in organic and inorganic nanopores.
However, the effect of displacing CO for displacing oil in nanopores was
not considered. Liu et al. [30] used nonequilibrium molecular dynamics
(NEMD) simulations to study the mechanisms of CO, displacement in
nanopores under different CO5 injection rates (2, 4, 6, 8, and 10 m/s).
Fang et al. [31] used molecular dynamics simulations to study the CO5
displacement process and found that the swelling effect of CO, was
strong, while the propelling effect of CO; is weak. However, these re-
searchers have studied the CO, displacement behavior in nanopores
using one-component of oil such as octane and dodecane, without taking
into account that oil was a very complex system. In addition, there was
little research on the process of oil production in composite nanopores.

For the configuration variations of residual oil in dead-end nano-
pores, Fang et al. [32] investigated the mechanism of CO, hydrocarbon
extraction with reservoir depressurization through MD simulations in
dead-end nanopores. Moh et al. [33] investigated the soaking oil re-
covery mechanism of CO2 HNP in a single, 4 nm-wide calcite dead-end
pore using MD simulations. In natural oil reservoirs, oil will exist not
only in nanopores, but the water phase will also be present. The exis-
tence of water phase changes the motion law of fluid in nanopores [34].
Moreover, the interaction between water and crude oil in nanopores is
very different from that in bulk fluids [35]. Cui et al. [36] conducted
microscopic visualization experiments and found that the thicker the
water film, the longer the oil and carbon dioxide mixture required to
reach the miscible phase. Luan et al. [37,38] used MD simulations as a
research tool to explore how CO; displaced the residual oil in dead-end
nanopores. In addition, the researchers simulated the rupture of the
water film and discussed hydrogen bonds and the evolution of the
collapsed pores.

Although scholars have conducted a considerable amount of research
on the CO, displacement of oil in dead-end nanopores, the properties of
oil cannot be truly reflected by using a single component of oil. The
interaction between CO; and multi-oil components should not be
ignored, which has a prominent response to CO2-EOR methods in nat-
ural reservoirs. In addition, there is a lack of systematic research on the
thickness of the water film.

This paper mainly studied the microcosmic recovery mechanism of
multi-oil components in nanopores from the perspective of DPAA and
the DFAA during the CO2-EOR process. For DPAA, it was represented by
the connected single/double quartz nanopore saturated with multi-
component oil. Via the variation characteristics of the pressure
threshold, CO5 solubility, oil density, and potential energy, both the
effects of pressure difference and injection rate on the oil recovery and
the mechanism of CO; stripping oil molecules from quartz wall were
simulated and analyzed. For DFAA, it was represented by the dead-end
nanopore saturated with multi-component oil and water film. Through
the variation characteristics of the same parameters, this paper dis-
cussed the recovery of different components, the effect of flowback rates
on the displacement of oil, and the effect of water film thicknesses on the
oil recovery.
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2. Materials and research methods
2.1. Materials

The experimental core and oil both came from the Chang-7 oilfield.
Regarding the basic physical properties of the core, the permeability was
0.0263 mD and the porosity was 10.787%. The core is 6.144 cm in
length and 2.504 cm in diameter [22]. For light oil basic physical
properties, the density of crude oil was 0.8230 g/cm3 at the ground
condition and 0.7428 g/cm3 at the formation condition. Based on pre-
vious studies [39,40], in this work, we determined that C1-C4, C6, C10,
C19, and C30 represented oil (please refer to the supplementary mate-
rials for specific information). Fig. 1 shows the molecules and concep-
tual oil used in the simulation.

2.2. Experimental setup and procedures

The flow chart of the CO, HNP experiment is shown in Fig. 2. The
experimental setup was mainly composed of a core holder, displacement
pumps (Q5000, Quizix, Tulsa, OK, USA), NMR equipment (MacroMR12,
Niumag Analytical Company, China), and a microscope (AxioScope.Al
Carl Zeiss, Germany). The experimental procedures were described as
follows. Experimental water was prepared with deuterium water with a
salinity of 50 g/L, which can eliminate the nuclear magnetic signal
during CO2 HNP process. In this work, bound water was established in
the core. For the CO, HNP process: (a) the injection time was 1 h, (b) the
soaking was 5 h, and (c) the production time was 10 h, and (d) we
repeated steps (a)-(c) for the CO, HNP process until five HNP rounds
were completed. Record the hierarchical NMR (Spin echo-single point
imaging (SE-SPI), T2 maximum was 10* ms, Echo Time (TE) was 0.3 ms,
Waiting Time (TW) was 3000 ms.) T2 spectrum data of the cores during
the test. For microscopic observations: (a) conduct anhydrous slicing,
(b) use sandpaper to polish the non-observed surface so that the
observed surface was parallel to the microscope platform, (c) obtain
photographs under magnification [22].

2.3. DPAA and DFAA models

2.3.1. DPAA models

A simulation system consisting of a piston (helium nanoplates),
displacement phase (CO>), displaced oil phase (C1-C4, C6, C10, C19,
and C30), and quartz pore was built to study the forced two-phase
displacement in the nanopores, as shown in Fig. 3. The rock was
modeled as quartz, which was the major constituent of sandstones [41].
Tight sandstone was initially saturated with water, and hydrogen atoms
were added to the oxygen atoms on the quartz surface to simulate real
geology [37,42,43]. For a single quartz nanopore (Fig. 3(a)), the width
of the pore was 6 nm (The distance between atoms in the inner wall of a
pore.), and the length of the pore was 16 nm (The outermost atomic
distance in the pore length direction). The pore and the right side were
filled with oil molecules, and the petroleum phase was pressurized by
the He nanoplate on the right side. This was filled with CO molecules on
the left, and the CO5 phase was pressurized by the He nanoplate on the
left. For the double quartz nanopores (Fig. 3(b)), the width of the small
(top) pore was 3 nm, and the width of the large (bottom) pore was 6 nm.
The length of both pores was 19.6 nm. Oil molecules and CO5 molecules
were filled in e same way as the single pore, but with twice the number
of molecules.

2.3.2. DFAA models

In the modeling process, a quartz block 9.5 x 6.1 x 12.6 nm3 in size
with a 6.0 x 6.1 x 10.0 nm3 sized aperture or pore was built, as sche-
matically shown in Fig. 4(a). The quartz surface of the DFAA model was
treated the same as the DPAA model. Then a dead-end pore model
including oils (represented by C1-C4, C6, C10, C19, and C30 molecules)
was demonstrated, and a water film with a thickness of approximately
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(b)

Fig. 1. Schematic diagram of oil molecular model: (a) oil components models, (b) light oil.
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Fig. 2. The flow chart of CO, HNP experiment and microscopic observation [22].

(b)

Fig. 3. Schematic diagram of the DPAA, (a) Simple pore, (b) Double pores.

0-3.22 nm on top of the pores was added (Fig. 5(b-d)). The existence of
water film was a key factor for the exploitation of oil in dead pores
[37,38]. CO2 molecules were injected above the water film, and the
injection pressure of CO; into the oil was provided by the downward
pressure of the He sheet above.

2.4. Force field models

For the choice of forcefield, in this work, CO2 was modeled using the
EPM2 [44] forcefield, and the forcefield for CH4 was obtained from
TraPPE-UA [45], while the NERD forcefield [46] was used for all other
alkanes [39]. And the force field of water molecule selected the force
field improved by Pekka et al. [47]. The CLAYFF force field [48] was
adopted for the quartz substrates. The helium sheet, which had no
gravity and no charge, applied P to the helium sheet to control the fluid
system pressure. The non-bonded interactions between the atoms were

(b) (©) @

Fig. 4. Schematic diagram of the DFAA, (a) 3D schematic, (b) Without film, (c)
2.21 nm film, (d) 3.22 nm film.

described by the pairwise additive Lennard-Jones (LJ) 12-6 potentials
and Coulombic interactions. Particle-particle-particle-mesh (PPPM)
summation was applied to calculate the long-range corrections to the
Coulombic interactions [27,49].

2.5. Molecular simulation details

MD simulations were performed using the large-scale atomic/mo-
lecular massively parallel simulator (LAMMPS) package [37,50], and
the simulation configurations were visualized using Ovito Base software
[35,39]. The boundary conditions were set to periodic boundary
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Fig. 5. T»-SP (hierarchial T, spectrum) of the core #1 in 1st to 5th HNP rounds [22].

conditions, where the cutoff radius and time step were set to 12 A and 1
fs, respectively. We performed energy minimization of the system by
iteratively adjusting the atom coordinates, and the corresponding data
were collected every 10 ps. The molecular model with constant volume
and constant temperature (NVT ensemble) simulations proceeded in the
CO9—oil system, where the temperature and pressure were controlled
using a Nose-Hoover thermostat [30,51] and Berendsen barostat,
respectively [52,53].

2.5.1. DPAA models

For the simulation of the DPAA, the initial pressure of CO3 and oil in
the nano-pores was 10 MPa and the temperature was 345.15 K [22]. In
this work, two flooding methods were used to displace oil: one was
differential pressure flooding and the other was constant velocity
flooding. The pressure differential displacement method was used to
apply a fixed pressure of 10 MPa to the right helium sheet, and change
the pressure applied to the left helium sheet, so that a pressure difference
was generated between the left and right helium sheets. The resulting
pressure differences were 0, 2, 4, 4.81, 6, 8, and 10 MPa, which were
mainly used to analyze the pressure threshold of CO, and oil in nano

pores. The constant-speed displacement method was relatively simple,
where a fixed pressure of 10 MPa was applied to the helium sheet on the
right, and a constant speed of 2, 4, 6, and 8 m/s was applied to the right
of the left helium sheet to analyze the effect of injection rate on oil re-
covery law. The total simulation time of both methods was 7 ns.

2.5.2. DFAA models

For simulation of the DFAA, the initial pressure and temperature of
the CO2-0il or COy-oil-water in the dead-end nano-pore were 10 MPa
and 345.15 K [22], respectively. There were two oil recovery methods in
the DFAA: one was the equilibrium MD simulation oil recovery without
flowback velocity, and the other was MD simulation oil recovery with
flowback velocity (the flowback velocity values were 2, 4, and 6 m/s).
The main purpose was to analyze the law of CO; recovery of oil in dead-
end nanopores with or without flowback velocity. The method without
flowback velocity was used to pressurize the system through the helium
sheet first, and then fix the helium sheet, where the diffusion of CO,
extracted the oil molecules in the dead-end pores. The oil recovery
method with a flowback rate was used to pressurize the system through
the helium sheet and fix the helium sheet after diffusion for 2 ns. A
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constant velocity was applied to the helium sheet for constant oil
extraction, where the total simulation time was 7 ns.

3. Experimental results and discussion

To explore the effect of CO, on the residual oil in the pores after each
round of HNP, we performed T2 layer monitoring on the core after each
round of HNP. The hierarchical T2 spectra of the core are shown in
Fig. 5. Through the T2 map, we found that the contact front of CO5 and
oil gradually moved to the left with an increase in throughput rounds.
Fig. 5(a-f) shows the intensity of the magnetic signal of the initial core
and the intensity of the magnetic signal of the core after different HNP
rounds. As can be seen from the figure, the oil in the core near the in-
jection side was most easily recovered. And with the increase of HNP
cycles, the oil near the end of the core was gradually recovered. In the
process of CO; displacement of oil in the core, the oil content gradually
decreases, so the H' particles in the core gradually decrease. However,
the particles in CO5 cannot be captured by the nuclear magnetic field, so
the intensity of the nuclear magnetic signal gradually decreases with the
increase of each round of HNP [54,55].

Fig. 6 shows the DPAA and DFAA in each CO5 HNP round, which
were primarily and severally determined based on the pressure differ-
ence and molecular diffusion [21]. Fig. 7 shows the microscopic images
of the core sections at different locations after the CO, HNP experiment.
Sequentially from the right (injection) end to the left end, the tinct of the
slice core gradually darkened. This showed that the effect of CO5 on
residual oil displacement was obviously different in the DPAA and DFAA
[22]. In the DPAA area, the oil recovery was high due to the pressure
gradient and CO; displacement effect. In DFAA, CO, mainly expands the
volume of oil through diffusion to produce oil, so the oil recovery rate
was low. To explore the influence of CO; on the recovery of residual oil
in the DPAA and the DFAA, in this work, we established a representative
MD model representing the different affected areas, and further explored
the microscopic oil recovery mechanism of CO; in the different affected
areas.

4. Molecular simulation results and discussion
4.1. Displacement and sweeping law of DPAA in the nanopores

4.1.1. COz-oil potential energy and COz—-oil-quartz interaction

Potential energy can reflect the stability of a substance, where the
higher the potential energy, the more unstable the substance.

As shown in Fig. 8, CO4 started to transfer into the oil after 2 ns. With
increased simulation time, the potential energy of oil gradually
increased, while the potential energy of CO;, gradually decreased. The
main reason for this phenomenon was because the dissolution of CO; in
oil increased the distance between the oil molecules and reduced the
activity space of the CO2 molecules. From a macroscopic aspect, the
above potential energy variation characteristics were manifested as
dissolved COs in the oil, reducing the oil viscosity and enhancing the oil
fluidity.

Moreover, the dissolved amount of CO5 in the oil was related to the
position of the COo—oil interface, as also shown in Fig. 8(a), where the

Residual oil

COZ\ /

Fracture

CO; dissolved in crude oil
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leftmost side in Fig. 8(a) represents the CO injection end. Near the in-
jection end, namely the CO,-oil interface, the average atomic potential
of oil was significantly higher than at other locations, indicating a higher
dissolved amount of CO;. As can be seen from Fig. 8(b), with the in-
crease of time, CO, was gradually dissolved in the oil. Due to the strong
adsorption capacity of COy on the rock surface, the oil originally
adsorbed on the rock surface would be stripped by CO,, thus increasing
the potential energy of oil. This was mainly because the adsorption ca-
pacity of CO2 on the quartz surface was stronger than that of alkane
molecules [56]. CO2 and alkane molecules compete for adsorption on
the quartz surface. Of course, the closer to the interface between CO,
and oil, the greater the amount of CO; dissolved in the oil, and the more
oil molecules cleaved from the quartz wall, the greater the average
molecular potential energy of oil.

4.1.2. Threshold capillary pressure

The critical capillary pressure consists of the minimum pressure that
a fluid must overcome to enter capillaries under hydrophilic conditions
[57]. In this model, the threshold capillary pressure in the water-wetted
quartz nano-pore was directly determined through measuring the
pressure that could maintain the oil in equilibrium. The relevant details
were as follows. (1) Different pressures were applied to the CO2-oil
system by moving the He sheets at both ends of the model under the
condition of an initial pressure of 10 MPa and temperature of 345.15 K.
(2) We then observed the centroid position of the oil to analyze the oil
movement in the nano-pore. (3) When the centroid position remained
unchanged, the CO2-0il system was considered to be in equilibrium
within the nano-pore. At this moment, the pressure difference of the He
nanoplates was the threshold capillary pressure of the CO2-oil system at
the 6 nm pore.

Fig. 9 shows the centroid position of the oil when the pressure dif-
ference on the He nanoplates varied from 0 to 10 MPa. As shown in
Fig. 9, when the pressure difference was 0 MPa, the oil centroid position
moved in the direction of the positive Y axis, indicating that the water-
wetted reservoir was favorable for CO, flooding. When the pressure
difference was 4.81 MPa, the centroid position remains unchanged at
about 14 nm in the Y direction. Hence, 4.81 MPa was the threshold
capillary pressure of the CO,-oil system at the 6 nm pore. When the
pressure difference was greater than 4.81 MPa, the centroid position
started to move in the direction of the negative Y-axis. This showed that
the flowback pressure of oil was higher for the water-wet oil reservoirs
during CO5 HNP development.

4.1.3. CO; solubility and oil swelling in nano-pores

The CO4 solubility and the oil swelling factor were key parameters to
describe the strength of interactions between CO and the oil. In the MD
simulations, the CO5 solubility and oil swelling factor were obtained by
counting the molecular weight of the CO3 dissolved in oil and calcu-
lating the ratio of the oil density before and after CO, diffusion,
respectively. For better calculation results, the centroid position of the
oil had to be stable. Hence, in this work, the model where the center of
mass of oil was in equilibrium was applied to analyze the variation
pattern of CO; solubility and the oil swelling factor with time and po-
sitions in the pores.

I o

o.\00.0/000

-

Displacement affected area

1
Diffusion affected areal

CO, HNP affected areca

Fig. 6. Schematic of the DPAA and DFAA [21].
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Fig. 7. Microscopic images of core sections at different locations after CO, HNP experiment [22].
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a function of time, (b) Distribution of CO, and oil molecules in pores at different times.

Fig. 10 shows the CO5 solubility and oil swelling factors at different
positions within the 6 nm pore at 4-7 ns. As shown in Fig. 10, as the
simulation time advanced, the CO3 solubility and oil swelling factor both
increased to varying degrees. Moreover, the CO; solubility and oil
swelling factor gradually decreased with distance from the COy-oil
interface (Y = 0 nm). The consistency of the various behaviors of CO5
solubility and the oil swelling factor indicated that the oil swelling factor
was determined by CO3 solubility.

4.1.4. Displacement of oil and CO2

The oil density can intuitively analyze the distribution pattern of
CO,-oil system in nano-pores. Fig. 11 and Fig. 12 respectively show the
oil density distributions along the Y and Z directions in the same nano-
pore under various pressure differences of the He nanoplates. In Fig. 11,
Y = 0 nm represents the initial interface position between CO5 and the
oil, and in Fig. 12, Z=+3 nm represents the nano-pore walls.

At a differential pressure of 2 MPa (<threshold capillary pressure),
the oil density curve shifted along the y-axis with time and decreased
obviously overall, as shown in Fig. 11(a). This meant that the CO2-oil
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interface moved in the positive Y-axis direction during the CO5 flooding
process. As shown in Fig. 12(a), the oil density changed drastically in the
area near the pore wall and the CO»—oil interface. The amount of CO5
adsorbed on the nano-pore wall was considerable, especially near the
COo—oil interface, causing the oil adsorbed on the rock wall to be
stripped off by the CO4. Furthermore, the density curves of CO» and oil
at 7 ns, Y = 4-6 nm could illustrate that CO, would preferentially strip
the oil molecules adsorbed on the pore walls during the process of CO»
flooding in the nanopores.

At a differential pressure of 4.81 MPa (=threshold capillary pres-
sure), the oil density changed noticeably in the Y and Z directions
around the 0il-CO; interface region, as shown in Fig. 11(b) and Fig. 12
(b). Furthermore, the oil density varied slightly under different time
nodes. This group of simulations highlighted the effect of CO diffusion
on the oil density.

At a differential pressure of 8 MPa (=threshold capillary pressure),
the oil density distributions in Fig. 11(b) and 12(b) were similar to those
in Fig. 11(c) and 12(c), although the reasons for these distributions were
different. Fig. 11(c) and 12(c) shows the oil flowback process in the pore
under a constant driving pressure. The diffusion rate of CO; into oil was
roughly equal to the oil flowback rate; thus, the oil density in the pore
remained basically constant.

4.1.5. Effect of injection rate on the transport of oil

Since the COs injection rate is crucial for CO; flooding, the effect of
CO-, injection rate on the oil displacement efficiency in the nano-pores
should be deeply explored. In this work, the pressure of the CO2-oil
system was maintained at about 10 MPa. Constant velocities of 2 m/s, 4
m/s, 6 m/s, and 8 m/s in the positive direction of Y were applied to the
He nanoplate at the CO end, with the equivalent CO5 injection velocity
[301.

Fig. 13 shows the density distributions of CO, and oil in the Z di-
rection at different injection rates at different times. When the velocity
was 2 m/s, the interface position at 7 ns was about 8-10 nm. At the
CO9—oil interface, the oil on the nano-pore wall was peeled off. When the
injection speed reached 6 m/s, the oil in the pore was basically displaced
at 7 ns, but some oil molecules still remained. At a CO injection speed of
8 m/s, the COo—oil interface reached 14-16 nm at a time of 6 ns. At 7 ns,
in the range of 0-6 nm near the injection end in the pore, the oil
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Fig. 11. Density distribution of oil under different pressure differences: (a) 2 MPa, (b) 4.81 MPa, (c) 8 MPa.
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Fig. 12. Density distribution of oil at different positions under different pressure differences: (a) 2 MPa, (b) 4.81 MPa, (c) 8 MPa.

displacement was relatively clean. In the range of 6-14 nm, there were
still some residual oil molecules.

CO; displacement within the nano-pore was linear (Fig. 14A). At
different injection speeds, the position of the center of mass of the oil
moved linearly in the Y direction with an increase in simulation time.
Fig. 14B shows that the number of CO5 atoms displacing the oil from the
pore also increased linearly with time. The CO, displacement efficiency
of the oil in the nano-pore was calculated according to the ratio of the
atomic number of the displaced oil to the total atomic number of the oil.
When the displacement speeds were 6 m/s and 8 m/s, the oil displace-
ment in the pore basically ended at 7 ns, and the final displacement
efficiency was about 90%. About 10% of the oil molecules remained in
the nano-pore. When advancing the same distance, the injection speed,
the lower the efficiency of CO, displacement of the oil. Taking a

propulsion distance of 2 nm as an example, the displacement efficiency
of 2 m/s was 52.01%, while the displacement efficiency of 8 m/s was
only 27.65%. This indicated that the displacement rate of CO, should
not be too high when using CO; for oil displacement. Fig. 14c shows the
different components’ displacement efficiency at a CO, injection rate of
8 m/s. As can be seen from the figure, except for the displacement ef-
ficiency of C1-C4, the displacement efficiency of other components
gradually decreased with the increase of the carbon chain. The main
reason was that some of the light molecules of C1-C4 move into the COy
gas phase, resulting in the reduction of its recovery rate. At the same
time, the longer the molecular chain in the nanopore, the harder it was
to drive.
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Fig. 13. Density distribution of oil under different CO; injection rates: (a) 2 m/s, (b) 4 m/s, (c) 6 m/s, (d) 8 m/s.



Y. Luo et al.

280

Separation and Purification Technology 306 (2023) 122607

Velocity (m/s)
2 4 6 8

9
18000 ; T T : L 40y
...m-- Number 2m/s == Push 2nm forward b4
260 ---®-- Number 4m/s  —s— Push 4nm forward X £
g ---A-- Number 6m/s == Push 6nm forward xx:}[ o z
-.: 240 16000 ... Number 8m/s ALTH08 S 108 7T
= - —a— Efficiency 2m/s > z £
= 220 3 —e— Efficiency 4m/s S 5
o —d— Efficiency 6 = =
H £ 14000 - f'j.‘f“,”‘;‘ :”" H0.6:2 4065
2200 H —¥— Efficiency 8m/s £ =
= 2 B : = s
= £ ) g
S 180 S £ E
E = 12000 04 3 4045
S = k= =
‘:2 160 8 z E
= = £
140% 10000 02 H02 §
- @
=3
120 . . . . . =
4.0 45 5.0 55 6.0 6.5 7.0 Z
: . 8000 0.0 200 =
Time (ns) 4.0 45 5.0 55 6.0 6.5 7.0 Z
Time (ns)
(a) (b)
~ 1.0 T T T T
S —=—CI1-C4 4
S -
z ——C6 v
= —a—C10 2
2 0.8 3
o —v—C19
2
bS] ——C30
@
et
g
£ 0.6 - B
w
<@
&
=
[
8
< 04 - 1
-
=
@
=
S
-9
£ 02} -
S
Q
0'0 1 1 1 1 1
4.0 4.5 5.0 5.5 6.0 6.5 7.0
Time (ns)

©

Fig. 14. Displacement efficiency of oil under different CO; injection rates: (a) Movement of the position of the center of mass of oil, (b) The number of atoms
displaced by oil, the displacement efficiency of oil over time and the displacement efficiency of oil advancing the same distance at different injection rates, (c) The

component displacement efficiency at the injection rate of 8 m/s.

4.1.6. Interfacial behavior of CO2 and oil at different injection rates

As shown in Fig. 15, we explored the CO; and oil interfacial be-
haviors at different injection rates. When the injection rate of CO, was 2
m/s, the tangent slope of the oil density distribution at the interface was
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Fig. 15. Variation of the interface between CO, and oil with time under
different CO, injection rates.
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larger than the density distribution of oil in the nanopores. As the
simulation time increased, the CO2-oil interface moved forward overall.
With an increase in the injection rate, the slope of oil density at the
interface gradually decreased, indicating that the interface between CO2
and oil gradually became blurred with an increase in the injection rate.
The higher the velocity, the smoother the density distribution of oil at
the interface, and the wider the interfacial band of CO5—oil. This showed
that when the injection rate was higher, CO, was more easily dissolved
in the oil.

Comparing the density distribution of CO» at different injection ve-
locities at Y = 14-16 nm, the density of CO, increased slowly with an
increase in simulation time under injection velocities of 2 m/s and 4 m/
s. However, at injection speeds of 6 m/s and 8 m/s, the density of COy
increased slowly when the CO injection interface did not reach Y =
14-16 nm. When the CO» injection interface reached Y = 14-16 nm, the
density of COy increased rapidly. The main reason was that the CO5
density in oil was mainly caused by the diffusion of CO, molecules when
the CO2-oil interface was not reached. When the CO2-oil injection
interface reached Y = 14-16 nm, the oil in the pore was displaced by
CO5 and the pore was filled with CO, gas.

4.1.7. Displacement of oil and CO; in dual pores
The combined pore structure is considered a true reflection of the
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complex pore structure of tight reservoirs. To explore the law of CO5 -=---0il-3nm 4ns - - --Oil-3nm 5ns = == -Oil-3nm 6ns - - - - Oil-3nm 7ns
flooding oil in combined pore structure, a combination model with small 0.3 —Qil-6nm 4ns_ Oil-6nm Sns_ Oil-6nm 6ns Oil-6nm 7ns
pores of 3 nm and large pores of 6 nm was established in this work. -‘g gi R At 3
Fig. 16 shows the CO, and oil density distributions in the Z direction 0 2 00 J
when the CO, injection velocities were 4 m/s and 8 m/s. As the simu- E 5 gi E
lation time increased, the density distribution of oil with large pores £ 0.3 3
changed more significantly than the small pores. Compared to the single _ 3% E
pores, the displacement efficiency of the double pores was relatively 0.0 : o - A - o o o o
slow. When the injection speed was 4 m/s (Fig. 16(a)), and the simu- Location of the pore Y (10" nm)

lation time reached 7 ns, the oil in the single pore was displaced to the - = -0il30m 4ns - - - -Oil-3nm 5ns = = = - Oil-3nm 6ns - = - Oil-3nm Tns
end of the pore. For double pores, the displacement front of CO2-0il in 0.3 ——=Oil-6nm 4ns Oil-6nm 5ns Oil-6nm 6ns. Oil-6nm 7ns
the macropores was at Y = 6-8 nm (for comparison with single pores, Y 2 0 P
= 16 nm in the double pores was considered to be the end of double % g; 3
pores). When the injection speed was 8 m/s (Fig. 16(b)), when the ; E 0.5 _
simulation time reached 7 ns, the CO-flooded oil in the large pores in g g:; .
the double pores was also displaced to the end. However, comparing the 2 02 ]
distribution of oil density in single pores, we found that more oil mol- 8}. | 4 : . - - : E—
ecules remained on the walls of the large pores in the double pores. 0 20 40 60 80 100 120 140 160

As shown in Fig. 17, we could better determine that under the same
injection rate, the displacement rate of the double pores became slower.
Oil in the small pores was relatively difficult to drive. At an injection
speed of 4 m/s (Fig. 17(a)), the COo—oil interface in the small pores only
reached about Y = 2-4 nm at a time of 7 ns. Under an injection speed of
8 m/s (Fig. 16(b)), the oil in the large pores was displaced at 7 ns, while
the COy-oil in the small pores only reached about Y = 6-8 nm. There-
fore, compared with single pore of the same scale, the combined multi-
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pore model with small pores would slow down the displacement effi-
ciency of oil, requiring longer displacement time.

4.1.8. Influence of dual pores and single pores on the oil displacement
efficiency

We compared the CO5 displacement efficiency of oil under the same
injection conditions between the single-pore and dual-pore models. As
shown in Fig. 18, when the CO» injection rate was 4 m/s, the displace-
ment efficiency at 7 ns in a 6 nm single pore was 75.14%, while the
displacement efficiency of 6 nm pores in the model with small pores was
41.38%. The displacement efficiency at 7 ns in the 3 nm pores in the
double pores was 22.80%, and the comprehensive displacement effi-
ciency in the double pores was 36.26%. This was mainly caused by the
low displacement efficiency in the small pores of double pores. When the
CO5, injection rate was 8 m/s, the displacement efficiency of the 6 nm
pores in the double pores was the same as the 6 nm single pores at 7 ns
(about 90%). However, under the same conditions, the displacement
efficiency of 6 nm in single pore was shorter than that in double pore
when the displacement efficiency of 6 nm reaches 90%. At 7 ns, the
displacement efficiency of 3 nm in the double pores was 52.84%, and the
comprehensive displacement efficiency was 80.17%. The addition of
small pores reduces the displacement efficiency of oil. Furthermore, it
took longer for the displacement efficiency in the 6 nm pore of double
pores to reach the same displacement efficiency as in the single 6 nm
pore.

4.2. Oil recovery law of the DFAA in the nanopores

4.2.1. Potential energy of oil in different locations

In dead-end nanopores, the potential energy of oil will be related to
the depth of oil in the dead-end pores. Under 345.15 K and 10.0 MPa, the
affected mode of CO; in the closed pores with a width of 6 nm was
mainly the CO, molecular diffusion. To explore the oil potential energy
distribution after CO- diffusion in dead-end nanopores, in this work, the
equilibrium molecular dynamics (EMD) method was used to simulate
the average atomic potential energy of oil at different positions in the
closed pores when the fixed Up-He nanoplate CO5 diffused to 7 ns. The
non-equilibrium molecular dynamics (NEMD) method was used to apply
different velocities in the positive Z direction to the Up-He nanoplate to
the average atomic potential energy of oil at different positions in the
dead-end pores when the speed reached 7 ns (Fig. 19).

The depth of the dead-end nanopore was 10 nm, and the average
potential energy of the atoms in a layer was calculated by using 2 nm as a
layer. The Up-He nanoplates were immobilized to ensure that the effect
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Fig. 18. Displacement efficiency of oil in different pores.
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of CO5 was only molecular diffusion. Taking the pink layer in the figure
as the first layer, the average potential energy of the atoms in the dead-
end pores increased gradually with an increase in the number of layers,
and the first layer of atoms had the lowest average potential energy. This
showed that the oil molecules were relatively stable at the bottom of the
dead-end pores. The average atomic potential energy of oil increased
gradually with an increase in the number of layers, and the atomic po-
tential energy of oil was the largest at the interface between CO and the
oil (the fifth layer). This showed that the oil molecules produced at the
interface were the most unstable and the easiest to produce dead-end
pores. The average potential energy of the first layer of oil atoms was
0.4236 Kcal/mol at 7 ns, and the average potential energy of the 5th
layer of oil atoms was 0.5875 Kcal/mol at 7 ns. When the Up-He
nanoplate moved in the positive direction of Z at an average speed of
4 m/s, the average atomic potential energy of oil in the dead-end pores
showed the same law. However, when the Up-He nanoplate moved to-
ward the positive direction of Z, the pressure in the pores gradually
decreased, and the distance between the molecules increased. Therefore,
the average atomic potential energy of oil within the same layer was
larger than oil when the Up-He nanoplates are immobilized.

4.2.2. Density distribution characteristics of the oil and CO; in the dead-
end pores

In the process of CO3 HNP, the flowback rate of CO5 is considered one
of the key factors that will affect the efficiency of CO; HNP. To explore
the effect of CO, flowback rate on the production law of oil in dead-end
pores, we compared the density distributions of CO and oil in the X and
Z directions without and with flowback velocities in Fig. 20 and Fig. 21.

As shown in Fig. 20, the larger the flowback velocity, the less
noticeably the oil density in the dead-end pores changed with the
simulation time. When the flowback velocity was 6 m/s, the density
distribution of the oil in the dead-end pores barely changed with an
increase in simulation time. With no flowback velocity, the dissolved
CO4, in the oil in the dead-end pores gradually increased with simulation
time. The difference was that with an increase in the flowback rate, the
amount of CO; that dissolved into the oil gradually decreased.

Fig. 21 reflects the density distribution of CO2 and oil in the X di-
rection at different positions on the Z axis. Due to oil volume expansion
caused by CO2, when there was no CO» flowback velocity, in the region
of Z = 2.6-4.6 nm, the oil density at the bottom of the dead-end pores
gradually decreased with an increase in simulation time. In the region of
Z = 2.6-4.6 nm, the oil density at the outlet of the dead-end pores
gradually increased with simulation time. With flowback velocity, the
oil density distribution in the X direction at different positions of the
dead-end pores presented the same law; however, this law became less
obvious with an increase in the flowback velocity.

4.2.3. Different oil component recovery factors by CO2 molecular diffusion

In the DFAA, the diffusion of CO2 was dominant in oil recovery. The
dead-end pore model was used as the DFAA to explore the oil recovery
mechanism of CO, diffusion. Fig. 22 shows the oil recovery of different
components in oil due to CO; diffusion when CO; had no flowback rate.
As shown in the figure, the oil recovery of C1-C4, C6, C10 were
respectively 65.46%, 1.98%, and 18.41%, while C19 and C30 were
meager at 1.79% and 0.00%. Therefore, when CO, was used to recover
oil in the dead-end pores, the light components in oil were most easily
recovered, making it difficult to recover the heavy components that
remained in the dead-end pores. This also confirmed the reason why the
oil recovery continued to decrease with an increase in CO; throughput
rounds in the experiment. The comprehensive recovery rate of oil in the
dead-end pores was 11.05%, which was very low compared to the
flooding-affected area. The main reason for this was that the diffusion of
CO4 caused the oil system to undergo component differentiation. In
conventional oil recovery, light components in oil were easier to
recover, while components with higher carbon chains were more diffi-
cult to recover, such as heavy oil. Therefore, restraining or reducing the



Y. Luo et al.

0.6
0.4

0 m/s

0.2

0.0
0

0.6

2 m/s

Density (g/cm™)

4 m/s

6 m/s

Fig. 20.

Location of the pore Z (nm)

Separation and Purification Technology 306 (2023) 122607

s
I kammmm
— Median Line
© Mean
+ Outlicrs

EM

0. 5875

10.6-12.6 |-

0.5013

4**

0.4806

B

0.4620

++

0.4236

++

8.6-10.6 [

6.6-8.6 -

4.6-6.6 -

2.6-4.6 -

SIQR I

10.6-12.6

4 8.6-10.6

4 6.6-8.6

4  4.6-6.6

4  2.6-4.6

-
K v 13

= N Lo

3 Uuulu

NEMD
(4 m/s)

0.4768

0.4819

sk

0 6438
QR .

0.5180

2
e

&
]
)

ot
e

e
2%

s

%

Location of the pore Z (nm)
e
e

oy

b

I I
0.4 0.6

0.8

0.2

0.4

Average atomic potential energy (Kcal/mol)

Fig. 19. EMD simulation and NEMD simulation of oil average atomic potential in dead-end nanopore as a function of position.

T

e 7 P e e T T

\

4ns Oil
=== 4nsCO, === TnsCO, |

Tns Oil

500

Density (g/cm™)

Location of the pore Z (10"'nm)

600

Density distribution of CO, and oil at different CO, flowback rates.

component differentiation effect of CO5 on oil was the key to improving
oil recovery in the DFAA.

4.2.4. Oil and oil component recovery factors under different flowback
rates

In this work, we established the production situation of oil with no
flowback velocity and flowback velocity from 2 to 6 m/s in dead-end
pores. Fig. 23 shows the oil recovery in dead-end pores at different
flowback rates. Under different flowback rates, the oil recovery of the
first increased rapidly and then tended to stabilize with increasing
simulation time. The oil recovery without flowback velocity was
11.06%, while the oil recovery (11.07%) when the flowback velocity
was 2 m/s was not much different from without flowback velocity.
When the flowback velocity was 4 m/s and 6 m/s, the oil recovery were
10.77% and 10.18%, respectively. When the flowback rate increased
gradually, the oil recovery in the dead-end pores was relatively low. The
main reason for this was that the CO, gas dissolved in the pores and the
light components in the oil easily precipitated with a faster flowback
rate, resulting in a decrease in the overall recovery factor.

This could also be derived from the recovery of the different com-
ponents at different flowback rates (Fig. 24). As shown in Fig. 24, the
greater the flowback rate, the greater the recovery of C1-C4 in the oil.
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When the flowback velocities were 2 m/s, 4 m/s, and 6 m/s, the re-
covery degrees of C1-C4 were 80.24%, 67.53%, and 56.06%, respec-
tively. We found that the greater the flowback speed, the greater the
recovery of C1-C4 with the mining time. This showed that the greater
the flowback, the greater the depressurization rate in the system, and the
easier precipitation of C1-C4 components. However, the higher the
flowback rate, the lower the recovery of the other components in the oil.
Taking the recovery of C10 as an example, when the flowback speeds
were 2 m/s, 4 m/s, and 6 m/s, the recovery degrees were 15.18%,
12.51%, and 12.13%, respectively. We observed that the flowback rate
of CO, was high during oil recovery, which caused the heavy compo-
nents in the oil to remain in the dead-end pores and be more difficult to
recover.

4.2.5. Density distribution characteristics of the oil and CO2 under different
water films

In a real geological reservoir, the state of the fluid in the formation
will be very complex, and generally a water phase will be present
[58,59]. In the DPAA, the presence of aqueous phase will also be dis-
placed out of the pores by COs. In the DFAA, the existence of water film
was the key to hinder the recovery of oil in dead-end pores. To consider
the influence of water flooding or the existence of water film on CO,
production, in this work, water films with different thicknesses were
established to compare the effects of water films of different thicknesses
on oil production. Fig. 25 shows that when the water film thickness was
2.21 nm, the water film that closed the pores was broken during CO5
injection process. Because the walls of the pores were water-wetted, the
ruptured water film would gradually enter the pores due to the imbi-
bition of water, and the oil molecules that peeled off originally were
adsorbed on the surfaces of the pores. Fig. 26 shows that when the water
film thickness was 3.22 nm, the water film enclosed on the pores did not
rupture during COs injection process. The oil molecules and the water
film in the dead-end pores reached a dynamic equilibrium, and the oil in
the dead-end pores could not be recovered.

Fig. 27 shows the CO5 and oil density distributions of oil on the Z-axis
with water film of 0, 2.21 nm, and 2.21 nm. As shown in the figure, when
the anhydrous membrane was present, the oil density in the pores
decreased gradually with increasing simulation time. This was mainly
due to the dominance of diffusion and the dissolution of CO5 into the oil.
When the water film thickness was 2.21 nm, the oil density in the pores
decreased rapidly after breakthrough of the water film. The main reason
was that the oil in the pores had a flow channel after water film
breakthrough. Because the pore walls were wetted by water, the water
molecules gradually moved into the dead-end pores, so that more oil
molecules were displaced by the imbibition of water. When the water
film thickness was 3.22 nm, the dissolved amount of CO, in oil was
relatively small due to the blocking of the water phase. In addition, there
was no breakthrough in the water film, and the oil in the dead-end pores
was difficult to recover. The water-oil-gas reached a dynamic equilib-
rium in the dead-end pores; therefore, it was necessary to consider
whether CO5 could effectively make contact with the oil when using CO»
for oil flooding in reservoirs with high water content.

4.2.6. Influence of water film on recovery rate

To further analyze the influence of water film on the oil recovery rate
of CO; in closed pores, in this work, we used dead-end pores as the
benchmark, and the oil molecules produced from the pores were
considered to be recoverable. Therefore, the ratio of the oil molecules in
the dead-end pores to the total number of oil molecules was the oil re-
covery in the dead-end pores. Fig. 28 shows the oil recovery in the pores
in the presence of water membranes with different thicknesses. The oil
recovery with 2.21 nm water film is 6.61% higher than that without
water film. The main reason was that when the thickness of the water
film was 2.21 nm, the water film ruptured during the CO, oil recovery
process. Due to the imbibition of water, the oil recovery in the dead-end
pores became higher. When the thickness of the water film was 3.22 nm,
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the water film did not break through during the CO2 flooding process,
and the oil in the pores was difficult to recover. Due to the sealing effect
of the water film, the recovery was 0%.

Fig. 29 shows the recovery of the different components in the oil with
and without water membranes. With a water membrane, the light
components of C1-C4 were recovered to a lower degree than the non-
aqueous membrane. The recovery of C1-C4 was 65.46% with no
water film, while the recovery of C1-C4 was 60.98% when the water
film thickness was 2.21 nm. This was 4.48% lower than without a water
membrane. The main reason was that with a water membrane, the oil
could not make direct contact with the CO,, and the light components in
the oil were not extracted into the CO; at the beginning, which caused
the recovery of the C1-C4 degree to decrease. However, in the dead-end
pores with a water film thickness of 2.21 nm, the recovery of other
components was higher than without the water film. The main reason
was that the ability of CO, to extract heavy components was weakened.
After the water film breakthrough, the heavy components were extrac-
ted due to the imbibition of water. The recovery of C30 was 0.0% with
no water film, while the recovery of C30 was 5.67% when the water film
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S5ns

Snapshots of water film thickness of 3.22 nm at different times.

thickness was 2.21 nm. In the presence of water film, it was more
beneficial for the recovery of heavy components in oil; however, if the
water film could not be broken through, it would have no effect on the
recovery of all components in the pores.

5. Conclusion

In this paper, MD simulations were applied to study the microcosmic
recovery mechanism of multi-oil components in nanopores from the
perspective of DPAA and the DFAA during the CO,-EOR process.

In the nanopores, CO; can increase the oil potential energy, thereby
making the oil more easily extracted from the nanopores. Meanwhile,
the dissolution of CO in the oil causes the oil to expand, and the closer
to the CO5-oil interface, the more pronounced the expansion of the oil. In
the DPAA, the study on CO; injection rates found that the higher the CO2
injection rate, the lower the displacement efficiency of oil. In addition,
under the same injection rate, it takes less time a 6 nm single pore than a
6 nm pore of double pores to achieve the same displacement efficiency.
The oil recovery of no water film and different water film thicknesses are
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analyzed in the DFAA. It is found that the existence of water film helps
recover oil molecules of heavy components, but whether the water film
can break through after CO2 injection is the key to oil recovery from
dead pores. If the water film can be broken through, the existence of the
water film will help the production of oil in the dead pores. On the
contrary, the presence of the water film is a blockade effect on the oil in
the dead pores, and it is difficult for CO5 to recover the oil in the dead
pores. Therefore, it has particular reference significance for CO2 EOR
and CO; storage in oilfields with high water content.
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