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Abstract: Tight oil and gas resources are widely distributed and play an important role in the
petroleum industry. Due to its nanoscale pore-throat characteristics, the capillary effect is remarkable,
and spontaneous imbibition is very beneficial to the development of low-permeability reservoirs. In
this study, the imbibition experiments of 2D nano blackcard, nanoemulsion, and water were carried
out, respectively. The pore-throat fluid distribution characteristics before and after core imbibition
were analyzed with nuclear magnetic resonance technology, and the enhanced oil recovery effects
of 2D nano blackcard nanoemulsion, and water were comprehensively evaluated. The results show
that the final recovery factors of cores soaked in 2D nano blackcard (0.005 wt%) and nanoemulsion
(0.02 wt%) or imbibed in water are 32.29%, 26.05%, and 7.19%, respectively. It can be found that 2D
nano blackcard is the fluid with the best imbibition effect. In this work, a new type of 2D nano black-
card was proposed and identified as a functional imbibition fluid for enhanced oil recovery in tight
reservoirs, providing a practical reference for the effective development of tight, low-permeability oil
and gas reservoirs.

Keywords: tight reservoir; static imbibition; nanofluid; nuclear magnetic resonance

1. Introduction

Tight, low-permeability reservoirs have low permeability and high resistance to oil—
water seepage due to their small rock porosity and compact structure [1]. With the con-
tinuous development of the exploration and development of unconventional oil and gas
resources, volume fracturing has become the main technical direction of stimulation for
this type of reservoir, which is achieved by connecting microfractures to form a complex
fracture network and improving conductivity [2]. Tight, low-permeability oil and gas
reservoirs have micro—nanoscale pore-throat radii. The pore roar radius is small. While
forming a complex fracture network, fracturing artificially changes the wettability of the
rock, and uses the capillary force to generate the imbibition effect to achieve oil-water
replacement. Supplementing the formation energy has a positive effect on improving
single-well production. Spontaneous imbibition refers to the process in which the wetting
phase can replace the nonwetting phase only by capillary force in tight reservoirs. It is
one of the important displacement mechanisms for enhancing oil recovery in tight oil
and gas fields [3]. Scholars at home and abroad have been studying the spontaneous
imbibition process of tight reservoirs in different ways since the 1960s and have achieved
many results. Li [4] studied the imbibition behavior of surfactant in the core through the
imbibition experiment of surfactant solution in the core and corrected the Bond index. Low-
permeability cores have different imbibition phenomena and imbibition mechanisms; the
primary condition for imbibition in oleophilic and high-permeability cores is the reversal
of wettability, so that capillary force becomes the imbibition power.

Nanoparticles have the characteristics of small size (nanoscale), large specific surface
area, and green environmental protection [5]. In recent years, its research and application
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in enhancing oil recovery in tight oil reservoirs have achieved preliminary results. As a
new type of fluid, nanofluids have broad application prospects in different enhanced oil
recovery (EOR) processes [6,7]. The enhanced oil recovery potential of nanomaterials such
as silica (Si0»), zirconium oxide (ZrO;), aluminum oxide (Al,O3), and titanium oxide (TiO;)
has been demonstrated in previous studies. Li’s [8] research believes that nanoparticle
solutions can effectively improve the imbibition recovery rate of ultra-low-permeability
cores. Roustaeia [9] conducted experiments on oil-wet cores using an aqueous solution
of a synergistic mixture of cationic surfactants (C;,TAB) and SiO; nanoparticles, and the
results showed that the application of SiO; nanoparticles made the oil-wet cores more
hydrophilic, resulting in easier water availability imbibition into small pores; therefore, it
proved that S5iO, nanofluids can further improve the recovery degree than surfactants in
imbibition experiments. Karimi [10] and others studied the effect of ZrO,-based nanofluids
on the wettability of carbonate reservoir rocks. The results showed that the designed ZrO,
nanofluids can significantly change the wettability of rocks, from a strong, oil-wet state to a
strong, water-wet state. Bayat [11] and others compared the effects of Al;O3, TiO;, and SiO,
on the tertiary oil recovery of medium-wet limestone core samples at higher temperatures
through experimental studies. The tertiary-oil-recovery effect of TiO, nanofluid was better
than that of 5iO,. Ehtesabi [12] et al. used anatase and amorphous TiO, nanoparticles to
enhance the recovery of heavy oil in sandstone cores. After the nanoparticle treatment,
the wettability of the rock changed from an oil-wet state to a water-wet state. Electron
microscopy (SEM) results confirmed the diffusion and uniform distribution of nanoparticles
in porous media, but as the nanoparticle concentration increased, more nanorods of the
same diameter were formed, leading to clogging. The possibility of yield (EOR), however,
requires more research to overcome the multinanoparticle deposition on pores.

At present, the experiments on the imbibition law of porous media at home and
abroad are divided into two categories according to the purpose of the experiment: static
and dynamic imbibition experiments. Indoor imbibition experiments include the mass
method, the volume method, and the CT-scanning method. The mass method and the
volume method can qualitatively characterize the experimental results by the core mass
and imbibition volume, respectively, and study the influence of parameters such as core
size on imbibition [13]. At present, indoor imbibition experiments are mainly used in China,
and two methods of mass and volume are used. Because the volume method is simple to
operate, it is widely used. By recording the change in oil recovery by imbibition with time,
the recovery degree is calculated to evaluate the oil-displacement effect [14]. However,
these traditional imbibition experimental methods, such as the volume method, have short-
comings, such as inaccurate measurements, slow speed, and inability to image [15]. In order
to conduct more accurate experiments and obtain more convincing data, the imbibition
experiment was studied with the help of nuclear magnetic resonance technology. Low-
field nuclear magnetic resonance technology is a core-nondestructive testing technology
developed in recent years, which is widely used in various aspects of the experimental
evaluation of low-permeability tight reservoirs [16]. After the low-permeability tight core is
saturated with oil or water, the hydrogen nuclei in the oil and water generate energy level
splitting under the action of an external magnetic field. In the external radio frequency field
of a specific frequency, nuclear magnetic resonance and nuclear magnetic resonance can be
generated during the transition of the nuclear magnetic moment of the hydrogen nuclei.
The intensity of the resonance signal is proportional to the number of hydrogen nuclei
contained in the tested sample [17], and this method can directly observe the fluid steps
inside the pores of tight cores without destroying the core morphology. The combination
of nuclear magnetic resonance (NMR) and imbibition experiments can accurately study
the distribution characteristics of oil in pores [18]. Dai [19] et al. used NMR technology
to conduct dynamic imbibition experiments in a core-flooding system and studied the
migration behavior of oil in nanopores to micropores during dynamic imbibition. Scanning
T, spectroscopy, magnetic resonance imaging (MRI), and the mercury intrusion curve
were used to convert the T, relaxation time to the pore size, and the crude-oil recovery
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factor in nanopores and macropores was calculated. Tension (IFT) and permeability in-
creased with increasing injection volume and decreased with increasing injection volume.
Lin et al. [20] studied the relationship of water saturation with time at different positions
during the imbibition process of shale gas through NMR experiments, and qualitatively
analyzed the relationship between imbibition front length and clay content and salinity.
Zhou H et al. [21] used nanofluid imbibition experiments combined with nuclear magnetic
resonance measurement methods to monitor the migration law and distribution of oil
and gas during imbibition. Imbibition experiments showed that the interfacial modulus
between silica nanofluid and kerosene increased significantly, indicating that the adsorption
of functional silica nanoparticles at the oil-water interface increased the strength of the
interfacial film, and the adsorption at the oil-water interface significantly decreased the
interfacial tension. However, there are few studies on the migration law of nanoparticles
in the core pores, and few people have studied the nano-imbibition by nuclear magnetic
resonance technology.

In this study, according to the reservoir characteristics of the tight, low-permeability
sandstone of the Changqing Oilfield in China, the spontaneous imbibition process of
the low-permeability reservoir was studied with nuclear magnetic resonance technology,
and the distribution and migration patterns of oil and water in the pore throats were
evaluated. On this basis, the imbibition effects of different oil displacement systems were
analyzed, and the efficient and intelligent nano-oil displacement system suitable for tight,
low-permeability reservoirs was compared and optimized. Our experiments show that that
2D nano black card can significantly improve the degree of imbibition and recovery, which
provides an effective reference for imbibition-flooding and oil recovery in low-permeability
reservoirs, and is of great significance to the field exploration and development of oilfields.

2. Experimental Materials and Methods
2.1. Experimental Materials and Instruments
2.1.1. Materials

The natural core (Figure 1) was taken from the Chang 7 reservoir of the Yanchang
Formation of Changqing oilfield. The reservoir is mainly composed of feldspar sandstone
and lithic feldspar sandstone. The porosity is mainly distributed between 12 and 15%,
the permeability is mainly distributed between 2 and 4 mD, and the pore-throat sorting is
relatively good. Table 1 shows the basic parameters of the core, such as length, diameter,
permeability, and porosity. The imbibition experiment used 2D nano blackcard (Figure 2a)
(0.005 wt%) and nanoemulsion (0.02 wt%) with two kinds of nanofluids. The water used
in the experiment was laboratory-deionized water. The core saturation oil was domestic
fluorine oil (YBS-1097) without hydrogen.

—

Figure 1. Core samples for imbibition experiments.
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Table 1. Basic data table of core samples.

Core Number Length (cm) Diameter (cm) Porosity (%) Permeability (mD)
1-1 4.906 2.515 13.96 3.4502
1-2 4.940 2.525 13.38 3.2281
2-1 4.880 2.525 12.05 2.6480
2-2 4911 2.515 14.65 1.9110
3-1 4.900 2.525 13.96 3.3075
3-2 4.967 2.525 12.36 2.8610
3-3 4971 2.515 14.75 2.9370

2.1.2. Characterization of Nanomaterials

The nanoemulsion and black nanocard used in this study were self-made materials
from the China University of Petroleum (Beijing).

The nanoemulsion used in the experiment had a small particle size and an ultra-low-
concentration nanoemulsion composition (Figure 2b). In weight percentage, its homo-
geneous microemulsion was made by mixing the following raw materials: 8~40 wt% of
surfactant, 0.5~10 wt% of polymer, 10~30 wt% of alcohol, 3~30 wt% of oil, and 0~20 wt%
of salt and water allowance. The nanoemulsion was a homogeneous and transparent
liquid-liquid dispersion system, wherein the particle size of the emulsion was 5-30 nm.

The black nanocard was prepared with the reaction of synthetic-material transition
metal minerals and inorganic reducing agents in a certain proportion in a high-pressure
microreactor, after cooling and separation (Figure 2a). Two-dimensional smart black
nanocard solution was a suspension prepared by mixing solid black card and formation
water in a certain proportion and vibrating for 30 min under the action of an ultrasonic
wave. The SEM image of the black nanocard shows that the area of the black nanocard
is about 100 nm x 80 nm. Observed under the microscope: the black nanocard had a
layered structure and the thickness was less than 10 nm. In addition, it was verified by the
corresponding height distribution of the black card that the thickness of the black nanocard
was about 1.2 nm on average, that is, the size of the black nanocard was 100 nm x 80 nm X
1.2 nm (Figure 3).

(a) (b)

Figure 2. Macroscopic schematic diagram of nanoadditives. (a) Nanoemulsion; (b) 2D nano blackcard.
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Figure 3. Two-dimensional nanometer black card, microscopic-size image. (a) Electron microscope
scanning image; (b) corresponding height-distribution image.

2.1.3. Instrument

The static imbibition method was used in this study. MacroMR12-15H-I nuclear
magnetic resonance equipment (sourced from Suzhou Niumag Analytical Instrument
Co., Ltd. Suzhou, China) was used for the NMR measurements. NMR T, spectra and
two-dimensional imaging were scanned before and after being saturated with water and
saturated with fluorine oil, respectively. Instruments such as beakers, vacuum satura-
tion devices, and drying ovens were used in the saturated water and fluorine oil stages.
LE204E/02 electronic balance (Mettler-Toledo Instruments Shanghai Co., Ltd. Shanghai,
China) was used for weighing before and after the experiment. PDP200 gas permeabil-
ity measuring instrument (Core Lab, Houston, TX, USA) was used for core permeability
measurements, and PS-20A ultrasonic cleaner was used in the nanofluid preparation stage
(Shenzhen Kejie Ultrasound Technology Co., Ltd. Shenzhen, China).

2.2. Experimental Program
2.2.1. Nuclear Magnetic Resonance Theory

Since the introduction of nuclear magnetic resonance technology to the petroleum
industry in the 1990s [22], it has played an important role in describing complex reservoirs.
From the NMR transverse relaxation time distribution, many important parameters can be
derived, such as total porosity, effective porosity, irreducible water saturation, permeability,
and pore-size composition and distribution, etc. [23,24]. It is an indispensable technical
means in the evaluation of complex reservoirs.

In porous rocks, the amplitude of the NMR signal is proportional to the number of
hydrogen atoms in the hydrogen-containing fluid. Therefore, this technique can be used to
study the distribution of hydrogen-bearing fluids (oil or water) in porous rocks. During the
time evolution of the dipole moment, there are two kinds of NMR relaxations: longitudinal
relaxation (T7) and transverse relaxation (T3) (Liu et al., 2018). T, spectroscopy is currently
the most widely used NMR method because it can quickly and nondestructively obtain
pore-throat scans.

The hydrogen nucleus relaxation time of the nuclear magnetic resonance T, spectrum
can effectively characterize the pore radius of the reservoir rock. The longer the T, relaxation
time, the larger the corresponding pore radius, and vice versa [25]. The fluid in the large
pores is less affected by the force of the core wall, so the relaxation rate is slow and the T,
relaxation time is long. The fluid in the small pores is relatively large under the force of
the core wall, the relaxation rate is slightly faster, and the T, relaxation time is short [26].
In order to facilitate the analysis and research, according to the method mentioned in the
literature [27-30], the T, relaxation time can be converted into the throat radius:

R =0.735T,/C 1)
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where R is the throat radius, um; T, is the NMR T, relaxation time, ms; and C is the
conversion coefficient, ms/um. The conversion coefficient is 14.1 ms/um; under this
conversion coefficient, the NMR T, spectrum fits well with the conventional mercury
intrusion curve, and the correlation is high.

According to the size of the relaxation time, the pores are classified according to Hodot,
and the pore types are divided into four categories: the radius of the micropore is less than
or equal to 2 um; the radius of the small hole is greater than 2 pm and less than or equal to
10 um; the radius of the mesopore is greater than 10 pm and less than or equal to 20 um; The
pore radius is greater than 20 um and less than or equal to 200 pm (Shi, 2018). According
to previous research, there is a corresponding relationship between the relaxation time and
the pore radius, as shown in Table 2 (Chen, 2020).

Table 2. Corresponding relationship between relaxation time and pore radius.

T, Relaxation Time/ms Pore Radius/pm Pore Type
T, <1 <2 Micropore

1<T, <10 2<r<10 Small pore
10< T, <100 10<r<20 Middle pore

100 < T, <1000 20<r <200 Large pore

Magnetic resonance imaging can obtain cross-sectional, sagittal, coronal, and three-
dimensional images of rock samples. The image signal represents the distribution of fluid
in the core space. The brighter the image, the looser the core, and the higher the porosity
and saturation. Conversely, the darker the image, the tighter the core, and the lower the
porosity and saturation [31].

Magnetic resonance technology uses the principle of nuclear magnetic resonance plus
a gradient magnetic field to detect the emitted electromagnetic waves. The principle is
simply summarized as: core samples are divided into several thin layers, which are called
slices. This process is called slice selection, and each slice can be divided into many small
volumes, called voxels. A token is assigned to each voxel, a process called encoding or
spatial localization. A radio frequency pulse is applied to a certain layer, and the nuclear
magnetic resonance signal of the layer is received and decoded. Then, the size of each voxel
nuclear magnetic resonance signal of the layer is obtained. The size of the voxel signal
is displayed on the corresponding pixel of the fluorescent screen, and the signal size is
represented by different gray levels. Finally, an image reflecting the size of each voxel NMR
signal at the slice is obtained, that is, an MRI image [32].

The nuclear magnetic resonance image is a two-dimensional display of the three-
dimensional space. The nuclear magnetic resonance scans the local and overall hydrogen-
containing fluid conditions. The gray-scale pixel points correspond to the spatial position
of the hydrogen-containing fluid (oil) in the core. Therefore, with the relative content of
hydrogen fluid, the change in oil saturation can be obtained by comparing the gray value
of the displacement image before and after [32]. The brighter the gray level, the higher
the fluid saturation in the core; conversely, the darker the gray level, the lower the fluid
saturation in the core. Therefore, the total amount of fluid in the core directly affects the
strength of the NMR signal.

Both ordinary oil and formation water contain hydrogen, and it is hard to know the
distribution of oil and water in the pores after the imbibition experiment. Therefore, fluorine
oil without hydrogen elements was used for the imbibition experiments in this study. NMR
scanning T, map and two-dimensional imaging were used to observe the distribution of
imbibition fluid entering the core. Since the density of fluorine oil is greater than that of
water, we fixed the core at the bottom of the imbibition bottle, turned the imbibition bottle
upside down, and carried out the imbibition experiments in both forward and reverse
directions to compare and analyze the effect of gravity on imbibition. In the research
process of this experiment, the nuclear magnetic resonance experiment combined with the
mass method was used to analyze the final imbibition results. Then, the volume method
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was used to carry out the comparison and verification of the imbibition recovery degree,
and to quantitatively characterize the spontaneous imbibition experiments of different
imbibition liquids.

In the process of this experimental research, the mass method combined with the NMR
scanning process, and the calculation formula are

My1 51
=22 5 2
w2 S, My )
R = Ao = (Am =) 3600, 3)

where R is the degree of recovery, %; Am is the mass of saturated fluorine oil, g; Am is the
total mass of water and remaining fluorine oil in the core after imbibition, g; 1,1 and 1,
are saturated water and imbibition core water content, g; and S; and S, are the envelope
area under the T, spectrum after water saturation and imbibition, respectively.

2.2.2. Experimental Procedures
The specific steps of the experiment were as follows:

(1) The cores were washed with oil, dried, weighed, and the gas-measured permeability
and porosity were determined;

(2) The cores were vacuum-saturated with water (24 h), weighed, and the NMR T, profiles
and 2D imaging in the saturated water state were determined;

(3) The cores were dried (24 h), weighed, and saturated with fluorine oil (24 h), weighed,
and the 2D imaging in the saturated fluorine oil state was determined;

(4) The cores were put into water, nanoemulsion (0.02 wt%), and 2D nano blackcard
(0.005 wt%) solution, respectively. The imbibition of the imbibition cores was observed
at different times, and the oil volume was recorded at the same time;

(5) The imbibition ends of the core sample were observed when the oil volume did not
change. The surface of the core was dried. Then, the core was wrapped with plastic
wrap and put it into the NMR instrument for the NMR T, spectrum test. After the test,
the two-dimensional pseudocolor imaging test was performed immediately. During
the two-dimensional pseudocolor imaging test, the lateral center layer of the core
was selected as the imaging operation layer, and the two-dimensional pseudocolor
image was inverted by using the NMR signal changes in different areas of the core
center plane;

(6) The data was processed, images were drawn, and the experimental results
were analyzed.

3. Analysis of the Results
3.1. Analysis of the Results of NMR Experiments
3.1.1. Pore Throat Characteristics and Fluid Distribution Based on T, Spectrum

Since the fluorine oil used in the experiment does not contain hydrogen, NMR signals
are not generated by the fluorine oil, and NMR signals are all contributed by water. There-
fore, the measured T, relaxation time spectrum reflects the water pore-size distribution.
The T, relaxation spectrum collected during the imbibition process can reflect the change in
the water content in the core pores. The larger the peak area, the greater the water content
in the pores.

As shown in Figure 4, there is an obvious T, spectrum after imbibition, indicating
that the imbibition liquid replaced the fluorine oil. The water saturated in the core before
imbibition is mainly distributed in the large and medium pore throats, accounting for about
60% and 30%, respectively. The small pore throats are less distributed, which conforms
to the typical bimodal distribution characteristics of the ultra-low-permeability sandstone
NMR T, spectrum; After imbibition, most of the imbibition liquid is distributed in the
large pore throat, accounting for more than 50%, and the fluorine oil in the large pore
throat is replaced. The fluorine oil tends to flow out of the core from the large pore throats,
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and the residual fluorine oil is mainly distributed in the small and medium pore throats.
From Figure 5a we can observe that the area enclosed by the Ty spectrum after imbibition
represents the amount of oil-water exchange, which means the larger the area, the higher
the imbibition efficiency and the higher the recovery degree. As shown in Figure 5b, the area
of the T, spectrum after imbibition is: Spjack card > Semulsion > Swater, corresponding to the

recovery degree that: Rpjack card > Remulsion > Rwater, indicating that the 2D nano blackcard
can more significantly improve the imbibition efficiency than nanoemulsion and water.
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Figure 4. (a) T, spectrum before and after black card imbibition; (b) fluid distribution frequency
before and after black card imbibition; (c) T, spectrum before and after emulsion imbibition; (d) fluid
distribution frequency before and after emulsion imbibition; (e) T, spectrum before and after water
imbibition; (f) water fluid distribution frequency before and after imbibition.
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Figure 5. (a) T, spectrum after saturated water; (b) T, spectrum after forward-directional imbibition.

3.1.2. Analysis of Imbibition Results Based on Two-Dimensional Imaging

In order to facilitate the observation of the fluid distribution and saturation state
in the core pores before and after imbibition, this study carried out core scanning of the
NMR two-dimensional pseudocolor image. The dark blue in the image indicates that
the the hydrogen signal intensity is poor, indicating low water content, while the orange-
red color indicates the hydrogen signal intensity is strong, indicating high water content.
Therefore, the distribution state of oil in the core pores can be seen [33]. Comparing the
two-dimensional imaging of saturated fluorine oil before and after imbibition (Figure 6),
it was found that after imbibition, the hydrogen signal intensity increases and the water
content increases, indicating that the imbibition liquid obviously enters into the core sample
and replaces the fluorine oil. From Figure 6¢, the two-dimensional imaging of the core after
imbibition, it can be found that the hydrogen signal intensity distribution inside the core
is uniform, indicating that the imbibition liquid in the core sample is evenly distributed
and no obvious dominant imbibition channel is formed. It shows that the spontaneous
imbibition of the tight, low-permeability core sample not only occurs on the core surface,
but also has an effect on the deep pore throats, indicating that the capillary force plays a
leading role in the imbibition process, while gravity and buoyancy are weak.

3.2. Results Analysis of Mass Method with Nuclear Magnetic Resonance Experiment

The commonly used imbibition test methods are the volume method and the mass
method [34]. In this work, the nuclear magnetic resonance experiment combined with the
mass method was used to analyze the final imbibition results, and then the volume method
was used to verify the imbibition recovery degree.

The mass method is easy to operate and has high precision, which is suitable for
medium-high-permeability and low-permeability sandstones. In the NMR-scanning method,
the T, pattern-length cutoff is proportional to the pore size, and its magnitude is proportional
to the fluid content. The curve envelope area reflects the change in water content, that is,
the peak area of the T spectrum is proportional to the water content. Using the relationship
between relaxation time and pore radius, the water content can be calculated according to
the change in the area enclosed by the T, spectrum before and after imbibition, and then the
oil saturation and the final recovery degree can be calculated. The calculation formula is
shown in Equation (2).

As observed from Figure 7, the imbibition effect of the 2D nano blackcard is the best,
and the recovery degree can reach up to about 32%. The recovery degree of nanoemulsion
is about 26%. The recovery degree of water imbibition is the lowest, which is about 8%. The
density of fluorine oil at room temperature is 1.8 g/cm?, which is greater than the imbibition



Energies 2023, 16, 454

10 0f 13

liquids. So, the density has a certain influence. Comparing the imbibition recovery degree
of normally placed imbibition and inverted imbibition of 2D nano blackcard, nanoemulsion,
and water, the recovery degree of reverse imbibition is only about 1% higher than that of
forward imbibition. Therefore, the influence of gravity differentiation is negligible.

60, 000
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(b)

30. 000
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Figure 6. (a) Core saturated water; (b) saturated fluorine oil; (c) after imbibition of 2D nano blackcard
2D pseudocolor imaging scan results.
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Figure 7. Comparison of recovery degrees of different imbibed fluids.

3.3. Volume Method Calculation Results and Results Analysis

In the reverse-imbibition volumetric method, the tested core sample is completely
immersed into the liquid, and the nonwetting phase in the core is displaced by the wetting
phase due to imbibition. Under gravity, the thin tube converges at the top of the container,
and the imbibition recovery factor is obtained by measuring and recording the volume of
liquid or gas at the top of the container [35]. Since the density of fluorine oil is higher than
that of imbibition liquids, the reverse-imbibition method was used in this work. Due to
the action of gravity, the imbibed fluorine oil is gathered in the thin tube of the container,
and the volume of the imbibed fluorine oil is read and recorded to calculate the imbibition
recovery degree. The test results are shown in Figure 8, from which we can observe that
the maximum recovery degree of 2D nano blackcard is 32.29% (highest) and the maximum
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recovery degree of emulsion is 26.05% (medium), while the maximum recovery degree of
water is 7.19% (lowest). The results of the volume method are consistent with the results of
the mass method combined with NMR scanning.

oil recovery (%)

40
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a5 b —+#— Nanoemulsion
—a— Water
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Figure 8. The relationship between the recovery degree of different imbibed fluids and imbibition time.

4. Conclusions

In this study, imbibition experiments were carried out with 2D nano blackcard

(0.005 wt%), nanoemulsion (0.02 wt%), and water, respectively. Based on nuclear magnetic
resonance technology, the imbibition, the distribution mechanism, and the migration law
of oil and water in the core pore throat were investigated. According to the research results,
this paper draws the following conclusions:

1)

()

(4)

Analysis of the T, spectrum after saturating it with water shows that in the low-
permeability sandstones, the distribution of medium and small pore throats is widely
accounted for (about 60%), and the distribution of large pore throats is less than
about 30%. These are the typical distribution characteristics of ultra-low-permeability
sandstone NMR T spectra;

In the imbibition process, combined with the Ty spectrum, although the water and
water-based imbibition fluid entered the core from the small and medium pore throats
due to capillary force, the fluorine oil tends to flow out of the core from the large pore
throats, and the residual fluorine oil is mainly distributed in the small and medium
pore throats;

The 2D pseudocolor imaging results show that the imbibition liquid enters the core
evenly, the imbibition liquid surface advances relatively uniformly, and no obvious
dominant imbibition channel is formed. It shows that the spontaneous imbibition of
low-permeability sandstone not only occurs on the core surface, but also has an effect
on the deep pore throats;

Comparing the imbibition results of the positive and negative directions, it is found
that there is no obvious end-face enrichment phenomenon during the spontaneous
imbibition, and the imbibition is uniform in all directions. This indicates that the
capillary force plays a leading role in the imbibition process, and that the effects of
gravity and buoyancy are weak;

During the imbibition experiment, adding nanomaterials improved the wettability
of the core surface, thereby accelerating the imbibition efficiency, which is due to the
adsorption of nanoparticles on the core surface. Comparing the imbibition effects
of the three imbibition liquids (the 2D nano black card can significantly improve



Energies 2023, 16, 454 12 of 13

the recovery degree up to 25.1%), it provides an effective reference for the practical
application of low-permeability oilfield development.
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