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Abstract: Surfactant huff-n-puff (HnP) has been shown to be an effective protocol to improve oil
recovery in tight and ultratight reservoirs. The success of surfactant HnP for enhanced oil recovery
(EOR) process depends on the efficiency of the designed chemical formula, as the formation of an
in situ microemulsion by surfactant injection is considered to be the most desirable condition for
achieving an ultra-low interfacial tension during the HnP process. In this work, we conducted
experimental studies on the mechanism of in situ microemulsion EOR in the Mahu tight oil reservoir.
Salinity scan experiments were carried out to compare different surfactants with crude oil from the
Mahu reservoir, starting with the assessment of surfactant micellar solutions for their ability to form
microemulsions with Mahu crude oil and examining the interfacial characteristics. Subsequently,
detailed micromodels representing millimeter-scale fractures, micron-scale pores, and nano-scale
channels were utilized to study the imbibition and flowback of various surfactant micellar solutions.
Observations of the in situ microemulsion system revealed the mechanisms behind the enhanced oil
recovery, which was the emulsification’s near-miscibility effect leading to microemulsion formation
and its performance under low-interfacial-tension conditions. During the injection process, notable
improvements in the micro-scale pore throat heterogeneity were observed, which improved the pore
fluid mobility. The flowback phase improved the channeling between the different media, promoting
a uniform movement of the oil–water interface and aiding in the recovery of a significant amount of
the oil phase permeability.

Keywords: tight oil reservoirs; microemulsions; microfluidics; imbibition; enhanced oil recovery

1. Introduction

The worldwide demand for oil and gas continues to rise, positioning tight oil as a key
player in the current economic and technological context. The Mahu tight conglomerate
oil field in the Junggar Basin, with its vast reserves estimated at 10 billion tons [1–3], is a
prime example of this potential. The Baikouquan Formation, acting as the main oil source,
utilizes horizontal drilling and hydraulic fracturing to create a complex seepage network
of tight matrix, natural, and artificial fractures [4–7]. Yet, advancing stages of development
reveal challenges such as inadequate fracture development, inefficient injection–production
dynamics, and water channeling issues in well-fractured reservoirs [8–10]. Addressing the
unique drainage patterns in tight reservoirs and finding effective oil–water displacement
strategies between fractures and matrix are crucial for improving recovery rates in such
environments. In situ microemulsion systems significantly boost imbibition efficiency in
tight oil reservoirs, outshining traditional surfactant chemical solutions with their supe-
rior performance. This method diverges from standard capillary imbibition by utilizing
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surfactant micelles to achieve low interfacial tension [11]. More and more scholars have
been studying the impact of injecting different media on the recovery efficiency of oil
reservoirs. Al Mishaal [12] and Tajik [13], respectively, improved the recovery rate of heavy
crude oil by synthesizing molybdenum-based catalysts and evaluating the role of ligand
structures in the catalysts. Chandio [14] evaluated the effect of nanofluids on enhancing oil
recovery under experimental conditions, demonstrating the potential of nanotechnology
in improving the recovery efficiency of tight oil reservoirs. Bello [15] focused on how
CO2 foam technology enhances reservoir recovery by improving fluid mobility within
the reservoir and reducing CO2 channeling. Wang [16] explored, through experimental
simulation and field testing, how different profile control materials and thermal recovery
techniques (such as steam injection) can significantly enhance reservoir permeability and
recovery efficiency. Zhang [17] investigated the EOR effects of different types of surfactants
in tight oil reservoirs through imbibition and displacement experiments, emphasizing the
importance of selecting appropriate types of surfactants in EOR applications for tight oil
reservoirs. Research into this application has been extensive since the 1970s, with notable
contributions from scholars such as Zhao [18], who examined surfactants from leading
companies like BASF and Shell, developing surfactant systems for microemulsions with
specific crude oils. More recently, researchers like Yin et al. [19] and Hou et al. [20] have
focused on enhancing oil recovery with these solutions, marking significant progress in
the field. Institutions like the Sinopec Shanghai Institute of Chemical Industry and the
Exploration Institute of Daqing Oilfield, among others [21], have meticulously developed
surfactant solutions for local crude types. These efforts, alongside pilot studies, have been
pivotal in advancing this technology. Researchers from UT-Austin [22,23] have notably
enhanced the core imbibition efficiency by 30–40% using an ultra-low-interfacial-tension
microemulsion system compared to traditional surfactants. Furthermore, Yu et al. [24] intro-
duced a novel visual model for microemulsion imbibition, highlighting gravity’s key role
in these systems under ultra-low-interfacial-tension conditions. Li et al. [25] used a triple
media micromodel to explore how the microemulsion system aids in drainage, showing
that microemulsions formed from surfactant micelle solutions and crude oil significantly
lower flow resistance. Despite the advancements, China faces challenges due to limited
field testing and unresolved issues. This study focuses on salinity scans to evaluate various
surfactants and develop tailored in situ microemulsion systems, incorporating a detailed
pore–throat micromodel for Mahu crude oil. Through microfluidic experiments and simu-
lations, this paper aims to explain the in situ microemulsion mechanism, facilitating more
effective tight oil reservoir development. A micromodel with a multi-level pore–throat
system was created to study the pore–throat structures found in tight oil reservoirs. Mi-
crofluidic experiments were conducted involving imbibition, injection, and flowback to
evaluate various surfactants and in situ microemulsion formulations suitable for Mahu
crude oil. Additionally, simulations were performed to analyze the fluid invasion and
flowback processes during the huff-n-puff operation, aiming to reveal the mechanisms of
the in situ microemulsion system. Ultimately, this approach led to the efficient development
of tight oil reservoirs.

2. Construction of Microemulsion System
2.1. Materials

The oil utilized in these experiments originated from dehydrated crude oil extracted
from the Baikouquan Formation of the Mahu tight conglomerate reservoir in Xinjiang. Its
viscosity measured approximately 1.1 mPa·s at the reservoir temperature (86 ◦C). Among
the surfactants employed were internal olefin sulfonate surfactants (S13B) sourced from
the Stepan Company. Extended surfactants, specifically C12PO15S, AEO-10PS, AEO-15PS,
C13PO10S, and C8P10E5C, were acquired from the Sasol (Nanjing, China) Chemical Com-
pany. Inorganic salts and n-butanol were obtained from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. The experimental water comprised deionized water and simulated
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stratum water derived from Ma2 Baikouquan. The composition of the stratum water is
detailed in Table 1.

Table 1. Formation brine properties.

Density
g/cm3

HCO3−

mg/L
Cl−

mg/L
SO42−

mg/L
Ca2+

mg/L
Mineralization

mg/L pH

1.0128 3043.07 4188.24 249.78 446.49 9848.14 6.1

2.2. Salinity Scans Experiment

The preparation of the microemulsion involved the selection of a 5.0 mL glass pipette.
Initially, a 1.0% surfactant solution was introduced into the pipette, followed by the addition
of the required amount of solid KCl. The pipette’s mouth was securely sealed, and the
solution was vigorously agitated until complete dissolution of the KCl particles in the
surfactant solution was achieved. Subsequently, a 2% n-butanol solution was introduced
into the pipette, followed by the incorporation of the corresponding volume of crude oil,
which was recorded as the initial moment. The glass pipette was then immersed in a water
bath maintained at 86 ◦C equipped with a constant-temperature oscillator for a 12 h aging
process. After the aging period, the solution within the pipette was shaken, and it was
allowed to stand for phase separation. Photographic documentation was captured, and
observations were recorded when the microemulsion reached a stable state with no further
changes in its composition.

2.3. Interfacial Tension Measurement

Following the salinity scans experiment, further investigation was conducted to exam-
ine the impact of salinity on the interfacial tension of the in situ microemulsion system. The
measurements were carried out at 86 ◦C and 6000 rpm using an SDT spin drop tensiometer
to determine the interfacial tension between the crude oil and surfactant solution at various
salinity levels.

2.4. Results and Discussion
2.4.1. Construction of In Situ Microemulsion System

The outcomes of the surfactant screening experiments are detailed in Table 2. Among
the tested surfactants, only S13B and C12PO15S demonstrated the ability to create a middle-
phase microemulsion when combined with Ma2 Baikouquan crude oil. The visual rep-
resentations shown in Figures 1 and 2 highlight the variations in the oil dissolution rate,
which can be attributed to the different surfactant types. Consequently, these variations
are evident from the distinct colors and volumes observed within the middle-phase mi-
croemulsions formed by each respective surfactant.

Table 2. Results of surfactant screening experiments.

No. Surfactant Type Surfactant Concentration N-Butanol Concentration Salt Whether Intermediate
Phase Appeared

ME-1 S13B 1% 2% KCl
√

ME-2 C12PO15S 1% 2% KCl
√

ME-3 AEO-10PS 1% 2% KCl ×

ME-4 AEO-15PS 1% 2% KCl ×

ME-5 C13PO10S 1% 2% KCl ×

ME-6 C8P10E5C 1% 2% KCl ×
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Figure 1. Experimental ME-1 salinity scans image.

Figure 2. Experimental ME-2 salinity scans image.

2.4.2. Interfacial Tension Measurement Results

The results are visually represented in Figures 3 and 4. As depicted in these figures,
the variation in the interfacial tension in the S13B system followed the typical pattern of
salinity’s influence on the interfacial tension between anionic surfactants and crude oil.
Upon the addition of 6% KCl, the interfacial tension of the system decreased significantly,
dropping from 0.5 mN/m to an exceptionally low level of 0.01 mN/m or less. Conversely,
under the influence of KCl, the interfacial tension of the C12PO15S system between the
surfactant solution and crude oil increased from approximately 0.01 mN/m to around
0.1 mN/m.

Figure 3. Test results of interfacial tension between S13B system and Mahu crude oil.
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Figure 4. Test results of interfacial tension between C12PO15S system and Mahu crude oil.

3. Imbibition Behavior of In Situ Microemulsion System

An investigation was conducted by creating a three-dimensional micromodel that
includes millimeter-scale fractures, micron-scale pores, and nano-scale throats. This re-
search aims to delve into the mechanisms of various microemulsion systems to enhance
the efficiency of imbibition in tight reservoirs.

3.1. Materials

The crude oil and chemical agents used remained consistent with the specifications
provided in Section 2.1. All the surfactants were prepared using simulated stratum
water. Building upon the findings from the salinity scan experiments, three specific
formulations, as described in Table 3, were developed for the subsequent research on
the imbibition experiments.

Table 3. Formula design of microemulsion system.

Formula Surfactant Type Surfactant Concentration N-Butanol Concentration Salinity

MP-0 / / / stratum water

MP-1 S13B 1% 2% 6% KCl

MP-2 C12PO15S 1% 2% 0.4% KCl

The experimental setup consisted of various pieces of equipment, including a Leica
fluorescence stereomicroscope (M165FC), a Leica camera (DFC450, 100 fps, 2560 × 1920),
an MFCS-EZ Fluigent constant pressure pump, and a PHD ULTRATM Harvard constant
current syringe pump, among others. Figure 5 provides a visual representation of the
constructed model. In this model, the fracture area had a depth of approximately 50 µm,
while the average width of the pore body measured approximately 30 µm with an average
depth of around 15 µm. Additionally, the average width of the throat was roughly 4 µm,
with a depth extending to approximately 800 nm.

Figure 5. Microscopic model for imbibition experiment. (a) Saturated oil. (b) Unsaturated oil.
(c) Microscopic porous structure.



Energies 2024, 17, 1879 6 of 16

3.2. Microfluidic Imbibition Experiment

(1) The experimental procedure commenced by employing a constant-pressure pump to
inject crude oil into the micromodel at a pressure of 3000 mbar. Once the crude oil had
completely discharged from the model outlet, the injection pressure was increased
to 5000 mbar to eliminate any residual bubbles within the model. Subsequently, the
model was saturated with oil and immersed in crude oil, undergoing aging at a
temperature of 86 ◦C for a duration of 48 h.

(2) A constant-speed pump was employed to introduce fluid through the injection port,
ensuring a controlled injection rate of 0.1 µL/min. Injection was ceased after displac-
ing 10 pore volumes (PV).

(3) The model was placed in a vertical position within a designated chemical system while
maintaining a consistent temperature of 86 ◦C for the imbibition phase. The model
was periodically removed for systematic observation of the imbibition dynamics, and
images and videos were captured to document the process.

3.3. Results and Discussion
Microfluidic Imbibition Mechanism

Figure 6 offers a comprehensive view of the imbibition experimental images of the
model under different formulations. Analyzing the experimental results presented in the
figure, it was observed that the imbibition process with stratum water followed a reverse
imbibition mode, progressing from the model’s surroundings towards its interior. The
primary driving force in this case was capillary force, with a utilization rate of less than 3%.
In contrast, the imbibition process with the microemulsion system operated in a positive
imbibition mode, moving from the bottom to the top of the model, where the principal
driving force was gravity. The entire matrix area was sequentially utilized from the bottom
to the top, resulting in a decreasing degree of utilization. The overall recovery degree of
MP-1 reached approximately 87%, significantly surpassing that of MP-2, which recorded a
rate of 49%.

Figure 6. Imbibition process in micromodel using different formulations: (a) stratum water imbibition
4 h; (b) stratum water imbibition 24 h; (c) stratum water imbibition 48 h; (d) S13B solution imbibition
4 h; (e) S13B solution imbibition 24 h; (f) S13B solution imbibition 48 h; (g) C12PO15S solution
imbibition 4 h; (h) C12PO15S solution imbibition 24 h; (i) C12PO15S solution imbibition 48 h.

Figure 7 provides further insight into the effects of the stratum water, revealing that
the entire matrix area experienced a relatively uniform mobilization. While the oil within
the pores remained largely immobile, oil within the throats was predominantly produced
through imbibition. In the presence of the MP-1 solution, a light yellow microemulsion
was visible within the model. However, due to the limited quantity of microemulsion and
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the short imbibition duration, some residual oil remained in the micromodel, primarily
in the form of oil droplets. In contrast, when exposed to the MP-2 solution, no noticeable
middle-phase microemulsion was observed. This was primarily attributed to the low oil
solubility rate of the surfactant micellar solution. A significant number of dispersed small
oil droplets were visible in the model. These small oil droplets tended to aggregate and
block the pore throats, thus slowing down the imbibition process.

Figure 7. Enlarged image of the micromodel after imbibition using different formula solutions:
(a) global image of stratum water imbibition; (b) enlarge image of stratum water imbibition; (c) global
image of S13B solution imbibition; (d) enlarge image of S13B solution imbibition; (e) global image of
C12PO15S solution imbibition; (f) enlarge image of C12PO15S solution imbibition.

Figure 8 displays images of the crude oil discharge from the model’s edge when
subjected to different formula solutions. Visual observations revealed that when discharged
with stratum water, crude oil converged into larger oil droplets at each channel mouth,
resembling the production pattern seen in core imbibition experiments. The absence of
flow field disturbance made it challenging for these oil droplets to detach from the wall,
thus hindering subsequent crude oil discharge.

Figure 8. Enlarged image of crude oil being extracted from the top during the imbibition process of a
micromodel with different formulas: (a) stratum water; (b) S13B solution; (c) C12PO15S solution.

In the presence of the microemulsion system solution, the discharged crude oil also
accumulated at the channel openings. However, due to the reduced interfacial tension
conditions, the adhesion of oil droplets to the wall was reduced, making it easier for them
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to be produced and enter the fracture channel. Nevertheless, due to the limited oil-soluble
capacity of the surfactant micelle solution, crude oil could not be extracted in the form of
a microemulsion.

Figure 9 reveals that when a substantial difference existed in the pore–throat ratio,
the water phase accumulated predominantly within the throats, driven by capillary forces.
This accumulation displaced the crude oil from the throats into the pores as a wetting
phase. While the imbibition speed was rapid, the overall utilization degree remained
relatively low.

Figure 9. Imbibition process in micromodel with synthetic formation brine: (a) Initial moment; (b) 20 s
later; (c) 25 s later; (d) 28 s later; (e) 30 s later; (f) 32 s later; arrows indicate the direction of crude oil
flow during imbibition.

As illustrated in Figure 10, when subjected to the MP-1 solution, both the oil phase
within the pores and throats experienced consistent mobilization. The oil–water interface
progressed uniformly due to the influence of gravity, leading to a higher recovery degree.
Furthermore, as highlighted by the red arrow in the figure, the residual oil trapped in the
pores also became miscible with the surfactant micelle solution, forming a middle-phase
microemulsion that was progressively extracted.

Figure 10. The imbibition process of the micromodel with MP-1 solution: (a) Initial moment;
(b) 10 min later; (c) 20 min later; (d) 30 min later; (e) 60 min later; (f) 90 min later; arrows indi-
cate the direction of crude oil flow during imbibition.
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Referring to the microscopic dynamic image presented in Figure 11, it becomes appar-
ent that the oil–water interface progressed unevenly. Additionally, the initial utilization of
the oil phase in the throats led to the entry of some surfactant micelle solution droplets into
the oil phase, creating a water-in-oil emulsion with a darker color and reduced flowability.
Consequently, this diminished the overall degree of imbibition recovery.

Figure 11. The imbibition process of the micromodel with MP-2 solution: (a) Initial moment;
(b) 30 min later; (c) 60 min later; (d) 90 min later; (e) 120 min later; (f) 150 min later; arrows in-
dicate the direction of crude oil flow during imbibition.

In conclusion, the imbibition recovery rates of the three fluids, ranked from highest to
lowest, were the MP-1 solution, MP-2 solution, and stratum water. It is noteworthy that the
imbibition behavior of the in situ microemulsion system followed a bottom-up forward
imbibition pattern. The low interfacial tension enhanced the utilization of crude oil in the
throats. The variation in the recovery degree primarily arose from the differing amounts of
crude oil produced in the pores by the various fluids.

4. Investigation into the Injection and Flowback Mechanism of the Microemulsion System

In the context of developing huff-n-puff fracturing horizontal wells, the imbibition
recovery degree serves as a key indicator of the oil and water displacement capabilities
upon entering the fracture. Additionally, it is crucial to assess the challenges associated with
entering the matrix and the subsequent flowback process. Consequently, this section delves
into the injection and flowback performance of the surfactant micelle solution, building on
the insights derived from the imbibition experiments.

4.1. Materials

The experimental materials and equipment were the same as Section 3.1, and the
experimental plan is shown in Table 4.

Table 4. Injection and flowback experimental plan table.

Formula Surfactant Type Surfactant Concentration N-Butanol Concentration Salinity

MP-0 / / / stratum water

MP-1 S13B 1% 2% 6% KCl
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Figure 12 presents the physical model with dimensions measuring 1.5 cm by 2 cm. This
model included semi-open cracks, each measuring 1 cm by 200 µm by 50 µm. Additionally,
the model featured pores with an average width of approximately 30 µm and an average
depth of about 15 µm. The average throat width was approximately 4 µm, with a depth of
around 800 nm.

Figure 12. Real picture of microscopic imbibition models. (a) Saturated oil. (b) Unsaturated oil.
(c) Microstructure.

4.2. Microscopic Injection Experiment

The injection experiment procedure was as follows:

(1) Saturated oil. Initially, a constant-pressure pump was used to introduce crude oil into
the previously dried model, starting at an initial pressure of 0.3 MPa. The injection
pressure was gradually increased to 0.7 MPa until all the air bubbles within the model
were expelled.

(2) Injection. A constant-speed pump was utilized to inject either stratum water or
the respective chemical system through the inlet at a controlled injection rate of
0.1 µL/min. The injection was ceased once 2 PV were displaced. Images and videos
were periodically captured throughout this injection phase for subsequent analysis.

4.3. Microscopic Flowback Experiment

The flowback experiment process was as follows:

(1) Saturated fluid. A constant-pressure pump was used to inject different types of fluids
into the dried model at a pressure of 0.3 MPa, and the injection pressure was gradually
increased to 0.7 MPa until all the bubbles in the model were discharged.

(2) Crude oil flowback. A constant-speed pump was used to inject crude oil from the
outlet at an injection rate of 0.1 µL/min. The injection was stopped after displacing
2 PV, and images and videos were collected regularly during this period.

4.4. Results and Discussion
4.4.1. Experimental Study on Injection

Figure 13 presents the process images of the injection of different formulations. As
depicted in the figure, the injected system tended to follow the fracture. Following the
breakthrough of the semi-open fracture, the flow gradually extended to the surrounding
areas, resulting in a significant accumulation of remaining oil at the model boundary.
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Figure 13. Microscopic global images during the injection process of different formulas: (a) initial
state; (b) inject stratum water for 10 min; (c) inject stratum water for 60 min; (d) initial state; (e) inject
S13B solution for 10 min; (f) inject S13B solution for 60 min.

Examining the microscopic dynamic image presented in Figure 14, it becomes apparent
that when the stratum water entered the matrix, it efficiently utilized nearly all the crude oil
within the pore body. The residual oil primarily consisted of the oil phase in the unswept
area, residual oil within the pore body, and oil retained due to the Jamin effect in the throat.

Figure 14. Local dynamic images during the injection process under different formulas: (a) initial
state; (b) inject stratum water for 30 s; (c) inject stratum water for 60 s; (d) inject stratum water for
90 s; (e) inject stratum water for 120 s; (f) inject stratum water for 150 s; (g) initial state; (h) inject S13B
solution for 20 s; (i) inject S13B solution for 60 s; (j) inject S13B solution for 1200 s; (k) inject S13B
solution for 3000 s; (l) inject S13B solution for 4800 s; arrows indicate the direction of crude oil flow
during imbibition.

The fluid flow after injecting into the microemulsion system followed a more intricate
flow pattern, including piston flow at the displacement front, along with the movement of
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microemulsion and oil droplets within the affected area. In this scenario, the remaining oil
primarily included the oil phase within the pore body in the unaffected area as well as the
oil phase adhering to the walls and oil droplets retained within the pore body.

4.4.2. Experimental Study on Flowback

Figure 15 presents a series of images depicting the process of crude oil flowback
after saturation with different formulations. As evident from the figure, in the absence
of fractures within the matrix area, the injected stratum water advanced uniformly due
to the low viscosity of the crude oil and the minimal difference in oil and water mobility.
Conversely, in the presence of fractures, crude oil predominantly flowed back along these
fractures. When semi-open fractures were encountered, the crude oil flowed directly to the
outlet without significantly affecting other areas of the matrix. The occupancy rate of crude
oil was approximately 47%.

Figure 15. Global images of microscopic models during different formulas flowback processes:
(a) initial stage of stratum water flowback; (b) stratum water flowback for 2 min; (c) stratum water
flowback for 15 min; (d) stratum water flowback for 30 min; (e) initial stage of S13B solution flowback;
(f) S13B solution flowback for 2 min; (g) S13B solution flowback for 15 min; (h) S13B solution flowback
for 30 min.

In the case of saturation with the MP-1 solution, the oil–water interface progressed
evenly throughout the process, resulting in an increased occupancy rate of approximately
94% after crude oil flowback. Importantly, the presence of fractures did not lead to the
formation of crossflow channels, indicating that the variation in pore–throat size had
minimal impact on the flowback of crude oil.

Referring to the microscopic dynamic image presented in Figure 16, during the flow-
back process of injected stratum water, the crude oil, being a nonwetting phase, tended to
preferentially flow through the throats with the least resistance. As a result, most of the
throats remained devoid of crude oil entry, allowing a significant portion of the affected
areas, particularly the pores, to be refilled with crude oil. In contrast, when the MP-1
solution was employed, it exhibited the ability to mitigate the impact of throats on the
flowback process, ensuring that a greater number of throats and pores were influenced by
the presence of crude oil.
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Figure 16. Global image of crude oil flowback process in different formula microscopic models:
(a) initial stage of stratum water flowback; (b) stratum water flowback for 90 s; (c) stratum water
flowback for 180 s; (d) stratum water flowback for 270 s; (e) stratum water flowback for 350 s;
(f) stratum water flowback for 420 s; (g) initial stage of S13B solution flowback; (h) S13B solution
flowback for 60 s; (i) S13B solution flowback for 100 s; (j) S13B solution flowback for 150 s; (k) S13B
solution flowback for 200 s; (l) S13B solution flowback for 900 s.

Upon closer examination of the partial enlargement in Figure 17 following crude oil
flowback, when saturated with stratum water, the crude oil primarily occupied the central
regions of the pores. This resulted in a significant presence of continuous bound water
within the channels. In this oil–water occurrence mode, a substantial amount of bound
water remained trapped in the throats, leading to a notable reduction in the flow channels
available for the oil phase. Consequently, there was a substantial decrease in the relative
permeability of the oil.

Figure 17. Enlarged images of microscopic model of saturated different formula solution after crude
oil flowback: (a–c) saturated stratum water (d–f) saturated S13B solution.

Following saturation with the MP-2 solution, bound water mainly existed in the form
of very small droplets within the pores, and water droplets adhered to the walls during
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the flowback process. In this oil–water occurrence mode, the water had a minimal impact
on the crude oil flow channels, allowing for the restoration of a significant portion of the
relative permeability of the oil.

5. Conclusions

In addressing the challenge of enhancing oil recovery in the Mahu tight oil reservoir,
a comprehensive screening and assessment of the in situ microemulsion system was
conducted. This work involved the creation of a microfluidic model featuring a multi-level
pore–throat system. The experimental investigation focused on the imbibition and flowback
processes using micellar solutions containing various surfactants. The key research findings
can be summarized as follows:

(1) The results from the salinity scan experiments revealed that only two surfactants,
namely, S13B and C12PO15S, possessed the capability of generating a substantial
middle-phase microemulsion when combined with Mahu crude oil.

(2) A micromodel was constructed, incorporating a multi-level pore–throat system that
encompassed millimeter-scale fractures, micron-scale pores, and nano-scale throats to
elucidate the imbibition dynamics of the in situ microemulsion system. The imbibition
recovery rates, ranked from highest to lowest, followed the order of the MP-1 solution,
the MP-2 solution, and stratum water. The microemulsion system solutions exhibited
bottom-up forward imbibition modes facilitated by low interfacial tension. The
primary factor contributing to the disparity in the recovery rates lay in the varying
degrees of crude oil utilization within the pores. The reduction in interfacial tension
within the microemulsion system and the miscibility of the microemulsion formed
through emulsification were the principal mechanisms responsible for enhancing the
imbibition efficiency.

(3) Experimental investigations were conducted on the injection and flowback within a
micromodel representing a multi-stage pore–throat system. This elucidated the pres-
sure reduction, injection mechanism, and flowback dynamics of the microemulsion
system. In comparison to stratum water, the microemulsion system displayed more
intricate seepage dynamics during injection. It encompassed not only piston flow at
the displacement front but also laminar flow involving the microemulsion, crude oil,
and water within the affected area. Additionally, free oil droplets were observed in the
flow. This unique flow pattern is crucial for achieving depressurization and enhanced
injection. The microemulsion system solution effectively mitigated micro-pore throat
heterogeneity during the injection process, avoiding crossflow along the throats and
enhancing the utilization of the oil phase within the pore body. Within the matrix
areas invaded by stratum water, crude oil primarily occupied the central regions of
the pores after flowback, with numerous throats containing bound water. This led
to a notable reduction in the flow channels available for the oil phase, resulting in a
significant decrease in the oil’s relative permeability. However, the microemulsion
system effectively addressed the channeling issues caused by disparities in size among
the fractures, pores, and throats. It achieved a uniform progression of the oil–water
interface during the crude oil flowback process. Bound water primarily existed in
the form of small droplets within the pores and water droplets adhering to the walls.
Water had minimal impact on the crude oil flow channels, allowing for the restoration
of a substantial portion of the oil’s relative permeability.
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