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Experimental Study and Molecular Dynamics Simulation of Oil
Displacement Using Different Microemulsions in the Fang2 Block of
Songfangtun Oilfield
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ABSTRACT: After many years of mining in the Fang2 block of the Songfangtun oilfield, the conventional water drive development
method can no longer meet the requirement of greatly improving the recovery rate, and ternary composite drive (TCD) technology
is adopted for this purpose. TCD is one of the most important methods to further improve crude oil recovery, and it has entered the
industrialization and promotion stage, but there are still problems of fouling in the injection and extraction system and high
production and maintenance costs. In order to reduce formation damage and improve recovery in the Songfangtun oilfield, an alkali-
free microemulsion system was developed by replacing the weak base sodium carbonate with sodium chloride, but its emulsification
capacity was weak and the recovery enhancement value was lower than that of the weak base TCD. In order to improve the
emulsification performance of the alkali-free microemulsion and enhance the effect of oil repulsion, an alkali-free microemulsion oil-
repellent system was developed on the basis of the alkali-free ternary system by using the compounding of surfactant, alcohol, and
sodium chloride. Through indoor physical modeling experiments, it was concluded that the SDBS alkali-free microemulsion system
had the best effect on improving crude oil rheology and viscosity reduction, and the lowest interfacial tension of 9.4 X 10™* mN/m in
the solution system when the mass fraction was 4%, with the maximum recovery rate of 47.03%, and the decrease in water content of
9.3%. Through molecular dynamics simulation and microemulsion oil-repellent coeflicient, it is concluded that the alkali-free SDBS
microemulsion system can greatly reduce the interaction force between crude oil and rock, with the lowest peak value of radial
distribution function of 4.21, and the oil-repellent coefficient of F,, of 5.85; CMG reservoir numerical simulation software is adopted
to verify the chemical repellent numerical simulation of Fang2 block, which shows that the recovery degree of SDBS alkali-free
microemulsion system is 24.8% higher than that of water repellent, with the cumulative increase of 213.6 thousand tons of oil. The
developed alkali-free microemulsion system not only realizes the goal of ternary composite alkalinity-free but also achieves the
purpose of greatly improving the recovery rate and reducing the cost and increasing efficiency. It has a broad application prospect
and can also provide a technical reference for the efficient development of other old oilfields with land-phase sandstone.

1. INTRODUCTION

Increased oil recovery has become more important due to the
growth of oil and energy demand, resulting from rapid
population growth and industrial economic development.'
The oil extraction process is divided into three main phases:
primary, secondary, and tertiary oil recovery phases. In the
petroleum industry, primary and secondary oil recovery are
known as conventional oil extraction methods, while tertiary oil
recovery is referred to as enhanced oil recovery.””

Among them, ternary composite drive (TCD) is a highly
efficient tertiary oil recovery technology, and field test results

show that TCD can improve recovery by about 20% compared
with water drive, and there is still room for improvement.*

Compared with traditional polymer drives, TCDs include alkali
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and surfactant. It can adsorb on the rock surface while increasing
the wave coefficient and drive crude oil out of the pores by
changing the wettability of the rock and the ultralow interfacial
tension between oil and water phases.” Ultralow interfacial
tension usually relies on the coordinated action of alkali and
surfactant, where the surfactant plays a key role. On the one
hand, the special nature of surfactant molecules, with hydro-
philic groups at one end and lipophilic nonpolar groups at the
other end, forms a molecular film with directional distribution at
the interface to reduce the interfacial tension,””® and on the other
hand, by varying the mass fraction of the surfactant, the ternary
microemulsion composite system from the lower phase (Winsor
type 1) to the middle phase (Winsor type III) and then to the
upper phase (Winsor type II), in which Winsor type III has a
strong oil-enhancing ability,g_11 while the alkali species are
added to increase the stability of the microemulsion. " At the
same time, the addition of alkali greatly increases the damage to
the formation, resulting in a series of problems such as clay
dispersion in the formation, transport leading to a reduction in
formation permeability, alkali fouling leading to a decline in well
production capacity, and difficulties in emulsion dewatering of
recovered fluids,'*”"® which greatly increases the cost of TCD
oil recovery. Therefore, there is an urgent need for an alkali-free
ternary microemulsion system with good oil-repellent effect, low
cost of chemicals, and less fouling. The composition of the alkali-
free ternary microemulsion composite system is different from
that of the traditional ternary composite system, and there are
fewer studies on the oil-repellent effect and intermolecular
interactions during the emulsification process. For this reason,
indoor oil repulsion experiments and molecular dynamics
simulations of the alkali-free ternary microemulsion system
were carried out to clarify the repellent effect of the alkali-free
ternary microemulsion system on crude oil and the character-
istics of the transport principle of each agent.

In the alkali-free ternary microemulsion system, reducing or
not using alkali can effectively slow the occurrence of corrosion
and scaling. Liu et al. used NaCl instead of Na,CO; and
explained the mechanism of significantly improving the recovery
rate of the composite system under the alkali-free condition at
the ionic level, and the cost of the chemicals of the alkali-free
system was 17.02% lower than that of the alkali system under the
premise of the same effect of improving the recovery rate of 1%.
Ternary core oil drive experimental recovery is 27.31% higher
than water drive and 2.56% lower than weak base TCD.'” Zheng
et al. showed through visualization experiments and MD
simulation results that surfactants can promote residual oil
drive and improve residual oil mobility, in addition, the
Marangoni effect generated by interfacial tension gradient can
convert interfacial energy into drive kinetic energy through the
emulsification of the oil—water interface, providing a new type of
plugging agent and an effective cleaner for low recovery in
multilayered nonhomogeneous reservoirs.'® The rapid develop-
ment of computer performance has brought new analytical tools
from the molecular field, however, it is a major challenge to
understand the interactions between oil and polymer—
surfactant fluids and to elucidate the mechanisms behind the
complex multicomponent interactions under reservoir con-
ditions."” In this study, we first constructed a model of alkali-free
ternary microemulsion system by different types of surfactant
molecules, analyzed the oil repelling behavior of alkali-free
microemulsion from a microscopic perspective, and validated
the indoor simulation experiments, which can provide

technological reference for the efficient development of the
old oilfields in other land-phase sandstones.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments. Sodium dodecyl
benzenesulfonate (SDBS), sodium dodecyl sulfonate (SDS),
naphthenic alkyl petroleum sulfonate (KPS), sodium aliphatic
alcohol ethoxylate carboxylate (AEC-9), sodium dodecyl
polyoxypropylene sulfonate (APS), Nantong Runfeng Petro-
chemical Company Limited, Jiangsu Province, China; n-butanol
(C4Hy,OH), AR Tianjin Tianli Chemical Reagent Company
Limited, Tianjin; sodium chloride (NaCl), CP, (Tianjin Fuyu
Fine Chemical Co.), CP, Tianjin Fuyu Fine Chemical Co., Ltd.;
RH-20 rheometer, Shanghai Baosheng Industrial Development
Co., Ltd.; JJ2000B Rotating Drop Full Scale Interfacial Tension
Measuring Instrument, Shanghai Zhongchen Digital Technol-
ogy Equipment Co.; degassed crude oil from Fang2 block of
Songfangtun Oil Field, the properties of which are shown in
Table 1; and the core is a natural core from Songfangtun Oil
Field (core length 5.09 cm, diameter 2.5 cm, permeability 132.1
mD).

Table 1. Basic Properties of Crude Oil in Songfangtun
Oilfield

property data
density (t/m?) 0.867
viscosity (mPa-s) 32.3-39.36
solidification point (°C) 37.0
wax content (%) 21.14
gum content (%) 16.45
saturates (%) 53.6
aromatics (%) 24.9
resins (%) 11.4
asphaltenes (%) 8.3
API (deg) 322

2.2, Complex Microemulsion Systems. In order to obtain
a better alkali-free microemulsion oil-repellent system and
prolong the mixed-phase repulsion process, it is necessary for the
formation of microemulsions to require the smallest amount of
surfactant while being able to adsorb different ions and
chemicals in the system. Therefore, the hydrocarbon surfactant
SDBS,”® which has a better wetting effect, along with alcohols as
cosurfactants and NaCl, was selected to constitute the
microemulsions. These were then compared with three other
microemulsion systems to achieve high and stable production in
the Fang2 block of the Songfangtun oilfield.

2.2.1. Orthogonal Experimental Design. The system
consisted of five components: crude oil, formation water,
SDBS, n-butanol, and NaCl. The volume ratio of oil/water was
fixed at 1:1. The concentration levels of SDBS, n-butanol, and
NaCl were adjusted, and the volumes of the microemulsion
phase as well as the residual oil and water phases were recorded
to analyze the results of the orthogonal experiments in order to
select the optimal ratio of the alkali-free microemulsion system.

2.2.2. Solubilization Parameters. After establishing a fixed
oil/water volume ratio of 1:1, precise quantities of n-butanol and
NaCl were employed to prepare SDBS solutions with varying
concentrations. The resulting solution was thoroughly mixed
using a magnetic stirrer and then allowed to equilibrate for 10 h
at 45 °C in a thermostat until phase equilibrium was achieved.
The volumes of each phase were recorded, and a graph
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illustrating the relationship between the activator concentration
and phase volume was plotted. Additionally, salinity versus
phase volume and alcohol concentration versus phase volume
graphs were constructed by using this methodology while
keeping other components constant. For the purpose of this
study, the solubilization parameter was defined as the amount of
oil/water solubilized per unit mass of the surfactant

i
SRy = —*
m (1)
V
Sp, = 2
m (2

where SPy,/SPg, is the amount of solubilized water and oil, g
mL™; Vi, Vo is the volume of solubilized water and oil, mL; and
my is the mass of surfactant, g.

2.3. Rheological Testing of the System. The rheological
properties of crude oil and spiked crude oil were determined by
using an RH-20 rheometer equipped with a coaxial cylinder
system. Initially, the rheometer was calibrated against a blank
crude oil sample to obtain its viscosity at 20 °C, measured at
41.02 mPa-s, with an error within the permissible range of
0.26%. Subsequently, both the crude oil and spiked crude oil
underwent rheological testing at different temperatures under a
specific shear rate, resulting in their respective rheological
curves.

2.4. Interfacial Tension Testing. For the experiment,
formation water from the Fang 2 block of the SongFangTun oil
field was utilized as the solution and four microemulsion systems
were evaluated. Initially, these solutions were introduced into
sample tubes, followed by thorough stirring after the addition of
crude oil. Subsequently, a resting period of 1 h was observed.
The interfacial tension measurements were conducted at a
temperature of 60 °C by using an interfacial tensiometer
operating at 5000 rpm. Finally, the corresponding graphs
depicting the interfacial tension were plotted.

2.5. Microscopic Emulsion Droplet Size Determina-
tion. The geological crude oil from the Fang 2 block and each
microemulsion system solution were heated to 100 °C, and 50
mL of each was mixed in a ratio of 1:1. Subsequently, each mixed
solution was added under an emulsifying stirrer, with the
rotational speed set to 10 000 rpm and timed for 1 min. The
microstructure of each microemulsion was then measured by
selecting an appropriate scale.

2.6. Testing the Oil Displacement Effect of Micro-
emulsion Systems. An oil-repellent test platform was built.
The configured surfactant solution was placed in the beaker. The
test temperature was set to 60 °C. The natural rock core was
submerged in the beaker and connected the other end of the
electronic scale through the balance. The leverage principle was
used to amplify the signal and determine the amount of oil
driven out of the beaker. This amount was recorded through the
display of the electronic scale and calculated the effectiveness of
each surfactant’s oil-repellent properties.

n=—" X 100%
my — m (3)

where 7 is the oil drive efficiency, %; m is the active agent oil
drive, g; m, is the mass of the core plus crude oil after
submergence, g; and m, is the dry weight of the core, g.

3. MOLECULAR SIMULATION

3.1. Modeling of the Crude Oil System. Based on the
basic properties of crude oil in the Songfangtunfang 2 block, a
crude oil system model matching Daqing crude oil was
established using Materials Studio 2020 software. In developing
the Daging crude oil system model, the average molecular model
of gums proposed by Marquez”' and the asphaltene molecular
model of Liaohe crude oil were utilized, as shown in Figure 1.

0000000

(a) Average molecular model of colloids (b) Asphaltene molecular model

Figure 1. Molecular model of the crude oil system.

The asphaltene and gum molecules in the crude oil system were
created using the sketch tool, while Cg was employed to establish
the wax molecular model. Long-chain alkane molecules served
as the molecular model for the saturated and aromatic fractions.

In the Construction tool of the Amorphous Cell module,
periodic boundary conditions were applied to a periodic cubic
box at 298 K. The box dimensions were 23.0 X 23.0 X 23.0 A.
Based on the proportions of the crude oil components presented
in Table 1, the model of the crude oil system consisted of 4
gelatinous molecules, 1 asphaltene molecule, and 40 long-chain
alkane model molecules. The crude oil system model is
illustrated in Figure 2.

3.2. Molecular Modeling of Surfactants. The molecular
structure was optimized under the Compass II force field using
the Smart Minimize method to achieve energy minimization of
the surfactant molecules see Figure 3.”*

Figure 2. Crude oil system model of Songfangtunfang2 well area.
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(c) KPS/APS

(d) SDBS

Figure 3. Molecular modeling of surfactants.

3.3. Molecular Dynamics Simulation. Based on molecular
dynamics (MD) and Monte Carlo method,””** simulations
were carried out using Forcite, Amrophous cell module in MS
(Materials Studio) 2020 software. First, using Construction in
AC module, the optimized surfactant molecules were added to
the stereocells according to the molar ratio of each system at the
lowest energy of 1.061 g/cm® see Table 2, and the periodic

Table 2. Molar Ratio of Components of Different
Microemulsion Systems

molar mole
mass number
systems ingredient (g/mol) (mol) mole ratio
A 1.6% KPS/APS 342.23 0.0124 1:23.6
5.8% NaCl 58.50 0.0237
B 1.0% KPS 278.38 0.0360 1.44:1:6.76:23.96
1.0% KPS/AEC-9 402.45 0.0250
1.25% C,H,OH 74.12 0.1690
3.5% NaCl 58.44 0.5990
C 4.0% SDS 288.38 0.0147 1:6.8:2.6
7.0% C,HyOH 74.12 0.1005
3.0% Na,CO; 105.99 0.0379
D 4.0% SDBS 288.38 0.0147 1:6.5:0.6
8.0% C,H,OH 74.12 0.0961
0.5% NaCl 58.44 0.0091

boundary conditions were added, and then using Geometry
Optimization in Forcite module, the Smart method was selected,
and the optimization quality accuracy was fine, and the
maximum iteration step was 5000 to obtain the optimized
model with the lowest energy. The optimization mass accuracy is
fine based on the Compass II force field, the maximum iteration
step is 5000 for the geometry optimization to get the optimized
mode] with the minimum energy, and finally the Dynamics tool
is used for the calculations; the dynamics parameters are set as
follows: the Compass II force field, NPT (constant temperature
and pressure), the temperature is 298 K, the van der Waals force
interaction, and electrostatic interactions. The atom-based
method was used, and the temperature and pressure were
controlled by an Anderson thermostat and a Berendsen constant
pressure, respectively, to perform the kinetic simulations at 100
ps, simulating 10 000 steps with a time step of 1 fs.

Table 3. Results of Orthogonal Experiments

SDBS/  C,H,0H/  NaCl/

number g-mL_1 g-mL_1 g-mL_1 V,/mL V,/mL AV/mL
1 2.0 6.0 2.0 8.3 6.2 2.1
2 2.0 7.0 1.0 9.7 7.9 1.8
3 2.0 8.0 0.5 9.2 8.7 0.5
4 3.0 6.0 2.0 8.3 7.2 1.1
S 3.0 7.0 1.0 7.6 8.3 0.7
6 3.0 8.0 0.5 6.1 7.2 1.1
7 4.0 6.0 2.0 9.1 9.6 0.5
8 4.0 7.0 1.0 7.7 9.0 1.3
9 4.0 8.0 0.5 7.5 7.5 0.0

4. RESULTS AND DISCUSSION

4.1. Experimental Results. 4.1.1. Analysis of Orthogonal
Experimental Results of the SDBS Alkali-Free Microemulsion
System. The above system D was optimized by orthogonal
experiments”> with component parameters, as shown in Table 3,
and the volume difference IV, — V. | = AV between the
remaining oil phase and the remaining water phase in the
microemulsion system was used as a judgment indicator, the
smaller AV was, the closer the system was to the optimal
medium-phase microemulsion system.*®

From Table 3, it can be seen that the best conditions for the
optimal mesophase were Cgpps = 4.0%, Ccapoon = 8.0%, and
Cracl = 0.5%, using AV as a judgment indicator, and the
influencing factors were n-butanol concentration, SDBS
concentration, and NaCl concentration in the descending order.

4.1.2. Effect of SDBS System Composition on Phase and
Solubilization Parameters. The oil/water volume ratio was
maintained at 1:1 in the SDBS/alcohol/NaCl/crude oil/
extracted water system at a temperature of 45 °C. By adjustment
of the concentrations of SDBS, n-butanol, and NaCl,
solubilization parameters were determined, as depicted in
Figure 4.

At surfactant concentrations below the critical micelle
concentration, the active agent is mainly concentrated at the
oil—water interface and is used to reduce the interfacial
tension.”’ Figure 4 illustrates that when SDBS concentrations
exceed 0.4%, both SP,, and SP, exhibit a rapid rise as the number
of microemulsion aggregates increases. At a concentration of
4%, SP,, = SP,, AV = 0, indicating attainment of an optimal
midphase state.

During the formation of alkali-free microemulsions, alcohols
are partly involved in the formation of interfacial complex
membranes and partly in the oil and aqueous phases making the
improvement of the properties of both phases.'”** As can be
seen from Figures 5 and 6, the midphase microemulsion starts to
form when the n-butanol concentration reaches 5.3%. This is
due to the fact that with the increase of n-butanol concentration,
the charge density of the composite membrane decreases and it
is easy to approach and agglomerate between the droplets, which
makes the strength of the composite membrane increase, the SP,
increases, and the microemulsion-enriched phase separates from
the lower phase to form the midphase. When the concentration
was greater than 11.7%, n-butanol and SDBS began to enter the
oil phase in large quantities, and the microemulsion in the
middle phase was destroyed to form the microemulsion in the
upper phase. The intersection of the SP,, and SP, change curves
was noted as SP* as an important indicator of the solubilizing
ability of the microemulsion. The concentration corresponding
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Figure 4. Effect of SBDS concentration on microemulsion.
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Figure 6. Effect of n-butanol concentration on solubilization parameters of microemulsions.

Changes in the NaCl concentration can speak of micro-

to SP* was called the optimal concentration; i.e., the optimal n- emulsions changing from Winsor type I to Winsor type III, and
butanol of the system was 8.0%. NaCl has a dual effect on ionic surfactants: reducing the
48442 https://doi.org/10.1021/acsomega.4c06741
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Figure 7. Effect of NaCl concentration on solubilization parameters of microemulsion.

Table 4. Variation of Viscosity of Blank Songfontein Crude
Oil with Temperature and Shear Rate

viscosity/(mPa-s)

Temp/°C 10s™ 2057 3057 407!
70 362 36.2 362 36.2
60 51.3 51.3 51.3 51.3
50 65.1 65.1 65.1 65.1
45 86.9 86.9 86.9 86.9
40 198.3 187.9 179.2 175.4
3s 265.1 259.3 250.7 2419
30 498.2 465.2 4112 409.6
25 6123 593.8 540.6 500.7
20 822.0 776.5 7329 7143

repulsion between their hydrophilic headgroups and generating
charged droplets during microemulsion formation.”” As can be
seen from Figure 7, with the increase in the NaCl concentration,
the microemulsion system starts to solubilize the oil phase while
releasing the water phase. SP,, gradually decreases, SP, gradually
increases, and the excess oil phase is gradually solubilized into
the microemulsion system. The solubilization parameters of the

oil and water phases in the figure intersected in the midphase
region, with SP,, = SP, = SP* at the intersection point, AV = 0,
corresponding to the optimal salinity of 0.5%.

4.1.3. Rheological Profiles of Different Microemulsions.
The viscosity data of the blank crude oil and each microemulsion
crude oil system were obtained using a RH-20 rheometer for
determination. As shown in Table 4, the viscosity of the blank
crude oil exhibited a gradual decrease with increasing temper-
ature. Within the temperature range of 45—70 °C, there was no
significant impact of shear rate on viscosity, indicating that the
crude oil behaves as a Newtonian fluid in this range. Notably, an
anomalous point at 45 °C was observed.

The viscosity—temperature curves of four different midphase
microemulsion crude oil systems at a shear rate of 10 s™" are
compared in Figure 8. It can be observed that the viscosity of
each microemulsion crude oil system decreases significantly
with increasing temperature in the low-temperature range.
However, as the temperature reaches 40 °C, the decrease rate of
viscosity slows down. At low temperatures, strong nonbonding
energy interactions between the molecules of crude oil
components result in wax crystal precipitation and formation
of a stable three-dimensional spatial mesh structure. These wax
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Figure 8. Comparison of viscosity—temperature curves of different microemulsion systems.
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Figure 10. Observation of particle size of alkali-free microemulsion with different surfactants.

Table S. Particle Size of Alkali-Free Microemulsions with
Different Surfactants

serial maximum size, minimum size,  average size,
number surfactant pm pm pm
1 SDBS 3.28 0.43 1.35
2 SDS 4.32 0.49 1.81
3 KPS/APS 4.69 0.67 2.43
4 KPS/ 8.65 0.69 4.19
AEC-9
100 35
4 30
80
1 25
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Figure 11. No. 1 core oil-repellent test results.

crystals adsorb low freezing point hydrocarbons, colloids, and
asphaltenes to form a wax-like substance, causing loss of fluidity
and higher viscosity in crude oil. As temperature gradually
increases, nonbonding energy decreases, leading to dissolution
of wax crystals and disruption of the stable network structure;
simultaneously, the influence of colloids and asphaltenes on
crude oil viscosity weakens, resulting in gradual decrease in
viscosity. Addition of SDBS leads to maximum reduction in

crude oil viscosity with the lowest value achieved at 20 °C. From
the figure, it is evident that SDBS exhibits superior effect on
reducing viscosity with order being SDBS > SDS > KPS/APS >
KPS/AEC-9 system.

4.1.4. Interfacial Tension of Different Microemulsions with
Crude Oil. Figure 9 illustrates the effect of the mass
concentration of different microemulsion systems on interfacial
tension. From the figure, it is evident that all four microemulsion
systems exhibited good interfacial tension properties, indicating
excellent interfacial stability for each mesophase microemulsion
system. When the surfactant was the KPS/APS complex system,
the lowest interfacial tension occurred at a mass fraction of 1.6%,
measuring 1.9 X 1073 mN/m. For the KPS/AEC-9 complex
system, the lowest interfacial tension, 2.3 X 10~ mN/m, was
observed at a mass fraction of 1.0%. When SDS was used as the
surfactant, the interfacial tension dropped to as low as 1.5 X 1073
mN/m at a mass fraction of 4%. Finally, with SDBS as the
surfactant, the lowest interfacial tension recorded was 9.4 X 10™*
mN/m at a mass fraction of 4%. Thus, the ability to reduce
interfacial tension follows a descending order: SDBS > SDS >
KPS/APS > and KPS/AEC-9.

4.1.5. Measurement of Emulsion Droplet Size of Different
Microemulsions. In order to comprehensively analyze the
microstructure of each alkali-free microemulsion, polarized light
microscopy was employed to characterize its morphology. The
microstructural results are shown in Figure 10, and the average
size of the surfactant particles for each microemulsion is
presented in Table 5. Compared to other microemulsion particle
sizes, the average size of SDBS alkali-free microemulsions is the
smallest at 1.35 ym. Microemulsions with smaller particle sizes
tend to exhibit better stability and are more likely to penetrate
rock pores, mixing with crude oil to form an easily flow able
emulsion, thereby improving crude oil recovery.”
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Figure 12. Results of oil-repellent test for each microemulsion system.
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4.1.6. Oil Repellent Effect of Different Microemulsions.
Figures 11 and 12 present the results of oil repelling experiments
conducted on different core samples: no.l core (without
additive), no.2 core (with KPS/APS compound system), no.3
core (with KPS/AEC-9 compound system), no.4 core (with the
SDS system), and no.5 core (with SDBS). The introduction of
microemulsion solutions resulted in increased oil recovery for all
four of the treated core systems. Notably, the SDBS system
exhibited the highest improvement, achieving a maximum
recovery rate of 47.03%, which represents a 15.11% increase
compared with the untreated core. Additionally, a decreasing
trend in the water content was observed, with the SDBS system
demonstrating the most significant reduction of 9.3%. These

results indicate that the SDBS microemulsion system effectively
reduces interfacial tension with oil, enhances the rheological
properties of crude oil, facilitates the formation of a mixed phase
with residual oil, and ultimately improves oil recovery rates.
4.2. Molecular Dynamics Simulation Results.
4.2.1. Comparison of Viscosity Reduction Effect of Different
Microemulsion Systems. Molecular dynamics simulations of
the four established midphase microemulsion systems were
performed by Materials Studio 2021 software. Figure 13 shows
the density variation of each different midphase microemulsion
crude oil system. In Dynamics, the equilibrium state of 100 ps
was taken for analysis, and the simulated density (20 °C) of each
system fluctuated in a small range around 1.061 g/cm’. The
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Figure 14. Final configuration of different microemulsion crude oil system models.

Figure 15. Schematic diagram of radial distribution of atoms.

different mesophase microemulsion systems were added to the
crude oil system box with a box structure of 22.7 A X 22.7 A X
22.7 A at 298 K by using the Construction tool in the
Amorphous cell module, Periodic Cell periodic boundary
conditions.

As shown in Figure 13, the density at 20 °C of the KPS/APS-
containing system fluctuates within a small range around 1.055
g/cm’; the density of the KPS/AEC-9-containing system
fluctuates around 1.058 g/cm?® the density of the SDS-
containing system fluctuates around 1.052 g/cm’; and the
density of the SDBS-containing system fluctuates around 1.050
g/cm’. Surfactant molecules adsorb onto the surface of wax
crystals, disrupting the three-dimensional mesh structure
formed by the wax crystals, which reduces the density of the
system and leads to a decrease in crude oil viscosity.’'
Consequently, the viscosity reduction effects of the four
microemulsion systems are ordered from high to low as follows:

SDBS-containing system > SDS-containing system > KPS/APS-
containing system > KPS/AEC-9-containing system.

4.2.2. Simulation of Microemulsion Oil-Repellent Effect. To
ensure consistency between the simulation and experimental
conditions, quartz was selected as the molecular model of the
core to represent the sandstone formation, where Daqing crude
oil is located. The Crystal tool under the Build module in MS
software was utilized to select the P32 2 1 space group and input
unit cell lattice parameters of 4.9134, 4.9134, and 5.4052, along
with lattice angles of 90°, 90°, and 120° to create a new empty
crystal cell. Subsequently, silicon and oxygen atoms were added
using the Add Atoms tool to fill this empty cell and form a quartz
structure. Finally, relaxation of the quartz (100) surface was
performed through the supercell method using the Symmetry
tool to generate a three-dimensional configuration.

The four types of microemulsion crude oil systems were
modeled using quartz crystal cells through the Build Layers tool
to establish a two-layer model. All models were subjected to a
100 ps molecular dynamics simulation, and the final
configurations are shown in Figure 14. With the addition of
different surfactants, a molecular film forms between the crude
oil and the rock. This film reduces the surface tension between
the liquid and solid as the surfactant adsorbs onto the rock
surface, preventing direct contact between the crude oil
molecules and the rock. Additionally, the surfactant in the
microemulsion system alters the wettability of the crude oil and
the rock, reducing the interaction force between the two.
Furthermore, the anions in the surfactant can undergo ion
exchange reactions with the cations on the rock surface, thereby
weakening the adsorption between the crude oil and the rock. As
a result, the crude oil molecules diffuse outward and gradually
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Figure 16. RDF curves of crude oil molecules versus rock for each microemulsion system.
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Figure 17. Variation in the number of n-octane hydrocarbon molecules entering the microemulsion system with time.

move away from the rock layer, achieving the effect of oil
repulsion.*>**

To study the variation of the force exerted by crude oil
molecules on the rock surface in different microemulsion
systems, the final configuration of each microemulsion system

shown in Figure 14 was analyzed using the Analysis tool of the

Forcite module in MS to obtain the radial distribution function
(RDF) of crude oil molecules with SiO, in each system.”* The
RDF represents the ratio of the central atom or molecule to
other atoms or molecules separated by a certain distance, r,
indicating the ratio of the local density to the average bulk
density of the system, as illustrated in Figure 15.
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Table 6. Comparison of Oil Repelling Ability of Different
Microemulsion Systems

interfacial tension/ total potential energy/

surfactant mN m™~! 10% Kj~mol_1 FP/ ps_1
blank crude 7.02 -15.3 0
oil
KPS/APS 19x 107 -17.2 3.71
KPS/AEC-9 23%x107° —-16.4 3.62
SDS 15X 1073 -18.9 523
SDBS 9.4x107* -21.5 5.85
Table 7. Basic Parameters of Fang 2 Block
parameters
porosity (%) 223
average penetration rate (mD) 231
average effective thickness (m) 2.3
oil saturation (%) 55.6
average saturation pressure (MPa) 4.44
original gas—oil ratio (m®/t) 20.94
original ground pressure (MPa) 13.49
average stratigraphic temperature (°C) 63

With reference to the atom A as the center of the sphere, the
number of atoms B in a thin spherical layer with radii ranging
from r to r + dr, the number of atoms B is dN,_ can be obtained,
and the RDF g, _g(r) is defined as given by the following eq 4

g (1) = _dNyp
A-B 471r2der (4)
dN, 5 = 47rr2pBgA_B(r)dr ()

where pp denotes the number density of B atoms; r is the
distance between A and B; and dN,_y is the average number of B
atoms present around A as a reference atom over the range of
distances r to r + dr.

Through the RDF curve, the intuitive relationship between
the interaction force of crude oil molecules and the SiO, surface
can be established, allowing for an explanation of the
microemulsion’s oil-repelling effect from a micromechanical
perspective. The peak value of the RDF curve represents the
intensity of interactions between atoms at a given distance; a
higher vertical coordinate g(r) indicates a stronger interaction
force between crude oil molecules and the rock surface, and vice
versa. Figure 16 shows the RDF curve for each microemulsion
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Figure 19. Relationship between water content and enhanced recovery for different systems.
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Figure 20. Cumulative oil gain of different systems.
crude oil system on the rock surface. It can be observed that the E,=NX (n/t) (6)

interaction between crude oil molecules and the rock surface
varies across different microemulsion systems. The peaks for
KPS/APS, KPS/AEC-9, SDS, and SDBS are 10.33, 13.67, 7.13,
and 4.21, respectively. Notably, the four microemulsion systems
exhibit strong interaction forces with the rock surface only in the
early stage. In the middle and later stages, the distance between
the crude oil molecules and the rock layer increases, indicating
that the crude oil molecules move outward and that the
microemulsion system effectively repels the oil. Among these,
the RDF curve peak for the crude oil system containing SDBS is
the smallest. From a microscopic perspective, the order of oil-
repelling ability of the four microemulsions is as follows: SDBS >
SDS > KPS/APS > KPS/AEC-9.

4.3. Relationship between n-Octane Molecular Num-
ber and Microemulsion Oil-Repellent Effect. The peak
value of the RDF is used to express the oil-repellent effect of
microemulsions in each system; however, this approach can be
abstract and unintuitive. In this article, a more intuitive
expression is proposed: the number of n-octane molecules
entering the microemulsion system at different times serves as an
indicator of the oil-repellent effect. Figure 17 shows that the
numbers of n-octane molecules entering the KPS/APS system,
the KPS/AEC-9 compound system, the SDS system, and the
SDBS system at equilibrium are 6.46, 3.75, 13.36, and 15.25,
respectively.

The number of n-octane molecules entering the aqueous
phase at equilibrium can be considered a thermodynamic
parameter.”> From Figure 18, it can be observed that for the four
microemulsion systems, the rate of n-octane molecules entering
the oil-repellent system decreases in the following order: SDBS
system, SDS system, KPS/APS system, and KPS/AEC-9
composite system.

4.4. Characterized Values of Microemulsion Oil-
Repellency Coefficients. For a fixed molecular dynamics
model, thermodynamic and kinetic factors should also be
examined while using the number of n-octane molecules
entering the aqueous phase at equilibrium or the diffusion rate
to characterize the oil-repellent effect of microemulsions.
Therefore, a new method to characterize the oil-repellent effect
of microemulsion by combining the two is proposed, i.e.,
defining the microemulsion oil-repellent coefficient F,, as in eq 6
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where N represents the number of n-octane molecules entering
the microemulsion system when the system reaches equilibrium,
and n/t represents the rate of diffusion of n-octane molecules
into the aqueous phase before reaching equilibrium.

The larger F, indicates that the microemulsion oil-repellent
effect is better. Comparison of the evaluation results of the
microemulsion oil-repellent effect listed in Table 6 shows that
the total potential energy of the SDBS system is the lowest and
the most stable, and the maximum F, is 5.85.

4.5. Numerical Simulation of SDBS Alkali-Free Micro-
emulsion Oil Drive System. CMG numerical simulation
software was used to predict the chemical drive scheme for the
Songfangtun Fang2 block. The basic parameters of the block are
shown in Table 7. There are 67 wells in the Fang2 block,
including 52 oil recovery wells and 15 injection wells. Based on
the original production well network and the injection—
extraction relationship, the program predicts that from August
2023, with fixed liquid production, each system will reach an end
water content of 98%. The cumulative oil increase, recovery
degree, and water content are listed in Figures 19 and 20. The
SDBS alkali-free microemulsion system improves the recovery
degree by 24.8% compared to the water drive, resulting in a
cumulative increase of 213.6 thousand tons of oil. The SDBS
alkali-free microemulsion system not only significantly enhances
the recovery degree but also eliminates scaling caused by alkali in
the injection and recovery system, thereby reducing production
management difficulties, maintenance workload, and operating
costs. This approach achieves the goal of reducing costs and
increasing efliciency through TCD.

5. CONCLUSIONS

(1) The main controlling factors for the formation of
mesophase microemulsions by SBDS were known to be
n-butanol concentration, SDBS concentration, and NaCl
concentration by orthogonal experiments of solubiliza-
tion parameters, and the solution showed Winsor type III
when CSDBS = 4'0%) Cn»butanol = 8'0%1 and CNaCl = 0'5%;
with SP,, = SP, = SP*, and AV = 0.

Through indoor physical experiments, the viscosity of
crude oil with the addition of SDBS alkali-free micro-

(2)
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emulsion decreased the most and showed the best
viscosity reduction effect, with the lowest interfacial
tension of 9.4 X 10™* mN/m at 4% SDBS mass fraction,
47.03% recovery rate, and 9.3% reduction of water
content; compared with the other four microstructures,
the average particle size of SDBS solution was the smallest
(1.35 ym).

(3) Through molecular dynamics simulation, the peak value
of RDF of SDBS alkali-free microemulsion is 4.21, and the
coeflicient of oil repulsion of microemulsion is 5.85. This
system not only reduces the interaction force between
crude oil and rock surface but also accelerates significantly
the speed of diffusion of crude oil into the aqueous phase;
CMG numerical simulation software is used to predict
that the degree of recovery of SDSB alkali-free micro-
emulsion system is improved compared with water drive
by 24.8%, and the cumulative oil increase is 213,600 tons.
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