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ABSTRACT

Displacement-imbibition coupling production is a pivotal technology for enhancing oil recovery (EOR)
in waterflooded tight/shale oil reservoirs. However, the microscopic fluid transport mechanisms across
different pore scales remain inadequately understood. This study presents an innovative real-time
nuclear magnetic resonance (NMR) experimental system integrated with MRI-based image processing
to dynamically monitor oil-water distribution and quantify local oil saturation during injection-shut-
in—production. This approach enables quantitative evaluation of pore utilization across different pore
size ranges and reveals the impacts of various driving forces on oil displacement efficiency. The results
show that displacement—imbibition coupling production employs multiple mechanisms to achieve
balanced contributions from pores of all size scales. The displacement-imbibition oil production mainly
consists of three stages: displacement-dominated injection, capillary-driven imbibition during shut-in,
and displacement-imbibition coupling effects during production. Pressure oscillations significantly
enhance matrix—fracture exchange by lowering pore-throat entry thresholds and redistributing pressure
fields. Quantitative analysis shows that large pore dominate early displacement, while small pore
contribute more during imbibition. Lithology and pore-throat connectivity critically influence
displacement efficiency; vitric tuff outperforms argillaceous siltstone by up to 11.8%. Notably, greater
fracture complexity increases the oil-water contact area, enhancing capillary imbibition, reducing
reliance on displacement forces, and increasing the contribution of displacement-imbibition coupling
effects to oil displacement efficiency by 15.35%. Artificially modifying the pressure field to induce
pressure oscillations, effectively utilizing the high conductivity of fractures, and fully leveraging the
displacement-imbibition coupling effects within matrix pores are crucial for achieving optimal EOR.
Lastly, a new concept of nonlinear flow zoning is introduced to describe spatial variations in flow
behavior under complex coupling conditions. These experimentally validated insights into
matrix—fracture interactions provide theoretical support for designing improved waterflooding strate-
gies and optimizing oil recovery in tight and shale reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

With the rapid depletion of conventional resources and the
steady growth of global energy consumption, unconventional oil
and gas resources have attracted widespread attention (EIA, 2022;
Syed et al., 2022; Tian et al., 2023). The shale oil reservoirs in China
are predominantly of continental depositional origin, and the
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across different lithologies even within the same region (Lei et al.,
2022; Zhang Q. et al., 2023). These reservoirs are characterized by
low porosity and low permeability, fine pore-throat, poor con-
nectivity, and strong heterogeneity. In addition, the development
of multi-scale natural fractures differs widely, often preventing
effective displacement (Cai et al., 2022; Jia et al., 2023; Jin et al,,
2021; Zou et al, 2023). In recent years, the combination of hy-
draulic fracturing and water injection in horizontal wells has
enabled the initial effective utilization of shale oil (Jiang et al,,
2024; Lu et al., 2024; Sheng and Chen, 2014; Zhang et al., 2024).
However, the significant permeability contrast between the matrix
and fractures often causes the injected water to flow preferentially
through fractures, resulting in water channeling, making the water
injection ineffective (Lei et al., 2024; Lv et al., 2019). As a result,
substantial volumes of residual oil remain trapped in the reservoir
matrix. This challenge highlights the urgent need for advanced and
efficient development methods, bringing increasing attention to
displacement-imbibition coupling oil production technology.
Considering different lithologies (varying pore-throat structures)
and the coupling between matrix and fractures, effectively
leveraging the displacement—imbibition coupling/synergistic ef-
fect between the matrix and fractures is critical for the efficient
development of tight and shale oil.

Compared to gas injection methods, water-based EOR techniques
have garnered significant attention from researchers due to their
lower cost and reduced risk of gas channeling (Han et al., 2024; Jiang
etal.,2019; Quetal, 2021; Song et al., 2024; Wu et al., 2019). Among
these, imbibition has been widely recognized as a key mechanism in
improving recovery during water injection (Fu et al., 2024; Ghandi
et al,, 2019; Guo et al., 2021; Li et al.,, 2023; Lin et al., 2016; Zhang
et al,, 2022). Imbibition can be generally classified as either spon-
taneous or forced (displacement). In tight and shale reservoirs, the
water injection development process primarily involves
displacement-imbibition (forced imbibition). This mechanism
builds upon spontaneous imbibition by incorporating the effect of
injection pressure entering the matrix or fractures. In such low-
permeability systems, displacement-imbibition coupling arises
from the interaction of viscous, capillary, and pressure-induced
forces during the injection-shut-in-production process. This
coupling generates pressure oscillations within the pore network,
facilitating the utilization of residual oil that would otherwise
remain unrecovered by conventional waterflooding (Li et al., 2018;
Peng et al.,, 2024). However, this dynamic process is not uniform
and is highly sensitive to reservoir conditions such as lithology,
fracture geometry, pore structure, and wettability (Harimi et al.,
2019; Kerunwa et al., 2016; Vilhena et al., 2019; Zhang and Yang,
2024). These factors significantly influence the effectiveness of the
displacement-imbibition coupling production and the EOR effect.
Although the significance of imbibition has been demonstrated in
many studies, the mechanisms underlying displacement-imbibition
coupling across different lithologies and flow stages remain insuf-
ficiently characterized. In particular, the interplay between matrix
and fracture domains and their respective contributions to recovery
during each production stage (injection, shut-in, production) lack
systematic investigation. Clarifying the multiscale, multiphase flow
behavior is essential for optimizing recovery strategies in tight and
shale reservoirs.

Extensive experimental investigations have been carried out to
explore imbibition mechanisms in various lithologies such as tuff,
sandstone, and shale (Meng et al., 2022; Ren et al., 2023; Yu et al.,
2021). These studies primarily rely on core-scale physical experi-
ments to assess the driving factors behind oil recovery enhance-
ment through imbibition. For instance, Takahashi and Kovscek
(2010) focusing on Barnett and Bakken shales, demonstrated that
modifying capillary pressure and interfacial tension significantly
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influences recovery efficiency. Dou et al. (2021) evaluated spon-
taneous and forced imbibition effects in tight sandstone, revealing
how pore size distribution affects displacement efficiency under
different injection strategies. Similarly, Yang et al. (2016) con-
ducted a comparative study of sandstone, tuff, and shale cores,
showing that imbibition performance is closely linked to pore-
throat structure, clay content, and connectivity. Other re-
searchers have quantitatively linked imbibition displacement ef-
ficiency with reservoir quality index, maximum connected pore-
throat radius, and overall pore network connectivity (Wei et al.,
2016; Xiong et al., 2025). These studies collectively highlight that
lithological variability plays a dominant role in controlling fluid
behavior during capillary-driven flow. However, most of the above
work has focused on spontaneous imbibition in isolation, often
within a single lithology or a simplified pore system. Few studies
have examined displacement-imbibition coupling under realistic
development scenarios that involve fracture-matrix interaction,
especially during the injection—shut-in-production process.
Moreover, the influence of lithological heterogeneity on coupling
behavior, particularly the contributions of different pore size
classes across flow stages, remains poorly understood. This gap
underscores the need for systematic experimental studies inte-
grating real-time monitoring and quantitative characterization to
fully elucidate the role of lithology and fractures in
displacement-imbibition coupling mechanisms.

Core-scale flooding experiments remain one of the most
effective methods for simulating displacement and imbibition
behavior in porous and fractured reservoir media. In recent years,
nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI) have emerged as powerful non-invasive tools for
capturing oil and water distribution within cores of varying pore-
throat structures (Cheng et al., 2015; Jiang et al., 2023; Liu et al.,
2024; Wang et al., 2020; Xu et al., 2020). These technologies
enable spatial visualization and quantitative evaluation of two-
phase fluid flow and have significantly advanced our under-
standing of multiphase transport in tight and shale reservoirs. A
number of studies have leveraged these tools to explore specific
influencing factors. For example, Dai et al. (2019) examined the
roles of injection rate, interfacial tension, imbibition time, and
permeability on oil recovery in heterogeneous pore networks. Du
et al. (2024) integrated fractal theory with NMR data to charac-
terize saturation profiles and identify key controls on displace-
ment efficiency in shale cores. Wang et al. (2024) focused on
the impact of fracture morphology on coupled
displacement-imbibition mass transfer, emphasizing the dy-
namic interplay between matrix and complex fracture systems
during the injection-shut-in—production process. While these
efforts have significantly deepened the understanding of flow
behavior, most current studies are confined to optimizing injec-
tion parameters or isolated conditions, and few have
systematically addressed the underlying mechanisms of
displacement-imbibition coupling across diverse lithologies.
Furthermore, there remains a lack of quantitative frameworks
that integrate imaging-based saturation tracking with physical
oil production measurements. In particular, little attention has
been paid to the relative contributions of different pore size
classes and driving forces throughout each production stage.
Therefore, there is a pressing need for integrated experimental
approaches that can not only visualize displacement-imbibition
dynamics but also quantitatively link pore-scale saturation evo-
lution with macroscopic recovery efficiency under varying lith-
ological and fracture conditions.

In summary, there are three main issues currently: (1) There is
a lack of research on the displacement-imbibition coupling
mechanism between the matrix and fractures in tight/shale oil
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reservoirs. (2) The influence of different lithologies on the
displacement-imbibition coupling mechanism and flow patterns
has been ignored. (3) Quantitative and visualized characterization
of the displacement-imbibition effects and microscopic migration
patterns across different pore sizes throughout the entire injec-
tion—-shut-in—production process is lacking. Addressing these
challenges, this study focuses on the displacement-imbibition
coupling mechanisms in oil recovery across different lithologies
and the real-time oil and water distribution. An experimental
method for displacement-imbibition using real-time NMR/MRI
technology is developed, and multiple sets of NMR experiments
are conducted. The study separately examined the effects of
different injection strategies, different lithologies, and differing
levels of fracture complexity on oil displacement efficiency and oil
saturation field maps. Additionally, it conducts a detailed investi-
gation into the microscopic migration behavior of fluids within the
pores under the displacement-imbibition coupling effects.
Simultaneously, we develop a novel method combining MRI and
image processing to characterize oil saturation, enabling the
investigation of oil saturation variations in different pore regions
during the displacement-imbibition coupling process. This
approach facilitates the quantitative evaluation of the contribution
of displacement-imbibition coupling effects. This work aims to
explore the various factors on displacement-imbibition coupling
effects, analyze the microscopic migration behavior of crude oil
between matrix pores and fractures, and provide theoretical
support for the efficient utilization of tight/shale oil reservoirs.

2. Physical experiment
2.1. Experimental apparatus, materials, and design

2.1.1. Apparatus

To optimize oil-water two-phase displacement-imbibition
experiments, we developed a real-time displacement-imbibition
NMR system (Fig. 1). This system integrates real-time NMR tech-
nology with a core displacement apparatus, which is based on the
experimental platform of the Reservoir Numerical Simulation
Group (RNSG) at China University of Petroleum (Beijing). The main
apparatus primarily includes an NMR device (Mac-roMR12-150H-
I, Niumai, Suzhou, China), an adjustable-length ceramic core
holder (Tuochuang Co., Ltd., 0-60 MPa, 0-70 °C), and a high-
temperature and high-pressure circulation system (21060, Tuo-
chuang Co., Ltd., Jiangsu, China). The drive system and the data
acquisition and analysis system are each connected to the main
apparatus. The drive system primarily consists of an ISCO pump
(Teledyne ISCO, Lincoln, NE, USA), an air compressor (OTS-500),
and two 500 mL intermediate containers (Tuochuang Co., Ltd.,
50 MPa). The data acquisition and analysis system can directly
observe the changes within the core, allowing for continuous
monitoring of the displacement-imbibition coupling process and
enhancing the accuracy of experimental results. In addition, in
order to eliminate the effects of the equipment itself, the param-
eters are calibrated before each experiment using standard sam-
ples provided by the equipment manufacturer, thus keeping the
initial parameters (RF amplitude and RF pulse width) consistent.

2.1.2. Materials

The cores used in the experiment include argillaceous siltstone
samples from the Lucaogou Formation in the Jimsar Depression of
the Junggar Basin, argillaceous tuff samples from the Lucaogou
Formation in the Malang Depression of the Santanghu Basin, and
vitric tuff samples from the Lucaogou Formation in the Niujuanhu
area of the Santanghu Basin. According to conventional lithological
analysis, the porosity of the Lucaogou Formation ranges between 2%
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and 10%, with permeability values between 0.001 and 0.1mbD,
characterizing it as a typical low-porosity, low-permeability tight
shale reservoir. The mineral composition, primary storage spaces,
and pore-fracture types of different lithological cores can be
determined through X-ray diffraction (XRD) whole-rock mineral
content analysis (Table 1) and focused ion beam scanning electron
microscopy (FIB-SEM) experiments, providing critical support for
the analysis of subsequent experimental results. Based on the
mineral content analysis, the reservoirs in the Junggar east area are
primarily composed of feldspar (mainly plagioclase, with relatively
less K-feldspar) and quartz, with a high content of calcite and
dolomite, while clay mineral content is relatively low. In the Niu-
juanhu area, the reservoir minerals predominantly consist of quartz
and feldspar, accounting for 70%-98%, with minor amounts of
calcite and dolomite, trace amounts of zeolite, and little to no clay
minerals. In the Santanghu area, clay mineral content is also low,
averaging less than 5%, whereas felsic minerals and dolomite are
more abundant, with a combined average exceeding 90%. The scan
results reveal two primary types of reservoir spaces: matrix pores
and fractures. Matrix pores are further classified into five types:
intragrain pores, intergranular pores, intercrystalline pores, disso-
lution pores, and organic pores. Fractures are categorized into two
main types: inorganic and organic fractures. The argillaceous silt-
stone primarily contains dissolution micropores and residual
intergranular pores, with locally developed dissolution structural
fractures (Fig. 2(a)-(c)). The argillaceous tuff and vitric tuff mainly
develop intergranular and intragranular pores, dissolution pores,
intercrystalline pores, and fractures (Fig. 2(d)—(f)). However, vitric
tuff exhibits a high degree of fracture development (Fig. 2(j)),
reaching a density of 33 fractures per meter, with good pore con-
nectivity. Thus, considering the mineral composition, pore types,
and fracture development, the reservoir in the Niujuanhu area of
the Santanghu Basin is classified as a tight oil reservoir. The fracture
development in the argillaceous tuff is relatively low (Fig. 2(k)),
with only 10 fractures per meter, and the argillaceous siltstone ex-
hibits almost no fractures (Fig. 2(1)). Therefore, the reservoirs in the
Jimsar Depression of the Junggar Basin and the Malang Depression
of the Santanghu Basin are categorized as shale oil reservoirs.

Additionally, based on FIB-SEM scanning results, we use Avizo
software to process data from different lithological cores, further
clarifying the influence of lithology and fractures on fluid flow. The
scanned results of different lithologies are subjected to threshold
segmentation, identifying and filtering fine pore-throat and frac-
tures to construct pore-throat models, followed by velocity field
simulations under unidirectional flow conditions. As shown in
Fig. 3(a)-(c), the pore-throat connectivity in vitric tuff and argil-
laceous tuff is relatively high. However, due to the presence of
numerous natural fractures and microfractures, vitric tuff exhibits
a wider pore distribution, allowing fluid to flow more easily
through its pore-throat system, forming multiple dominant
streamlines (Fig. 3(e)). In contrast, argillaceous tuff has a lower
pore-throat connectivity and fewer fractures, resulting in fewer
and less extensive streamlines compared to vitric tuff (Fig. 3(f)).
Argillaceous siltstone, on the other hand, is characterized by dense
pores and narrow throats, significantly restricting fluid flow.
Conventional displacement methods struggle to establish effective
flow channels within its pore system, making it the least favorable
for flow, as shown in Fig. 3(d). Therefore, lithology, along with the
complex structure of matrix pores and fractures, significantly in-
fluences the effectiveness of displacement-imbibition coupling
effects, ultimately impacting oil displacement efficiency.

2.1.3. Design
To examine how various injection strategies, lithologies, and
fracture complexities influence displacement-imbibition coupling
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Fig. 1. Schematic diagram of real-time displacement-imbibition NMR system.

Table 1

X-ray diffraction (XRD) whole-rock mineral content analysis results of the target reservoirs.

Lithology Depth, m Mineral content, %

Quartz K-feldspar Plagioclase Calcite Siderite Pyrite Anhydrite Dolomite Total clay
Argillaceous siltstone 3987.72 24.2 7.6 244 5.9 1.5 03 14 294 53
Vitric tuff 2250.16 57.2 0 34.6 4.8 - - - 14 2.0
Argillaceous tuff 2493.02 29.6 5.4 3.8 1.2 - 0.4 - 49.2 104

effects, we prepared 13 core samples, each measuring 2.5 cm in
diameter and 5 cm in length, by sectioning full-sized cores sourced
from different locations. The sample details are listed in Table 2
and the specific core preparation process is shown in Fig. 4. Before
the experiments, core samples C1-C9 were treated with artificial
fractures at both ends, with fracture lengths set to one-fourth of
the core length. For each core from the same area, three injection
strategies—continuous injection, water huff and puff, and
displacement—imbibition coupling production are considered to
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simulate the effects of varying injection strategies and lithologies.
To study the impact of fracture complexity on
displacement-imbibition coupling effects, further treatments are
applied to cores from the Santanghu area. Core samples C10 and
C11 are fractured at half and three-quarters of the core length,
respectively, to simulate varying fracture penetration ratios. Core
sample C12, naturally containing a throughgoing fracture, and core
sample C13, which naturally exhibits developed fractures, are used
to evaluate the effects of varying fracture development. The
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Fig. 2. Microscopic pore-throat characteristics of cores from different areas, full-size core display.

complete experimental design is shown in Table 3. Additionally, to
simulate oil-water flow under actual reservoir conditions, oil
samples are extracted from reservoirs in the Junggar east, San-
tanghu, and Niujuanhu areas. The viscosity and density of these
oils at 25 °C and 10 MPa are 4.2 mPa s and 0.876 g/cm® for the
Junggar east sample, 16.65 mPa s and 0.829 g/cm> for the San-
tanghu sample, and 6.59 mPa s and 0.800 g/cm® for the Niujuanhu
sample. The water sample used in experiments is deuterium oxide.
Its viscosity and density at 25 °C and 10 MPa are 1.023 mPa s and
1.107 g/em?®.

2.2. Experimental procedure

The experimental procedure consists of four main stages: basic
preparation, core preparation, core saturation, and core displace-
ment. The detailed experimental steps are outlined as follows.

(1) Basic preparations: The materials for the experiment, such
as the oil sample, water sample, core, etc., are prepared in

accordance with the experimental designs, and the central
device is connected and its airtightness is verified.

(2) Core preparation: For samples C1-C9, a wire-cutting device

is used to create fractures in the central sections at both
ends of the cores, with each cut length measuring 1.25 cm,
or 1/4 of the core length, and 5 mm in width. Quartz sand
(120 mesh) is then packed into these artificial fractures and
fixed in place with epoxy resin. Excess quartz sand is
brushed away to ensure smooth inlet and outlet surfaces.
For samples C10 and C11, similar cutting is performed, but
the total fracture lengths are adjusted to 1/2 and 3/4 of the
core length, respectively. Finally, for samples C12 and C13,
the existing fractures are only filled with quartz sand and
secured with epoxy resin to maintain smooth inlet and
outlet surfaces without additional fracture creation at the
ends.

(3) Core saturation: The prepared cores are washed with oil,

dried, and weighed. Next, they are placed in a vacuum
saturator and vacuumed for 24 h using an air compressor.
The cores are then pressurized to 25 MPa, and the
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Fig. 3. Pore-throat distribution at different lithological pore scales and unidirectional flow streamline distribution diagram.

Table 2
Basic core parameters for the experiment.

Core sample No. Diameter, cm Length, cm Porosity, % Air permeability, mD Estimated water permeability, mD  Lithology

C1 2.440 5.003 2.7 0.001 0.00006 Argillaceous siltstone (Junggar east area)

c2 2.438 4.991 2.8 0.005 0.00031

c3 2.441 3.567 3.1 0.009 0.00054

C4 2.445 4.943 33 0.063 0.00378 Vitric tuff (Niujuanhu area)

c5 2438 4.985 3.5 0.183 0.01099

c6 2.434 4.987 5.2 0217 0.01303

c7 2.442 4981 2.8 0.003 0.00018 Argillaceous tuff (Santanghu area)

c8 2.444 4986 3.2 0.006 0.00036

c9 2438 4.987 34 0.017 0.00102

C10 2.440 4979 33 0.015 0.00090

c11 2436 4,980 3.2 0.022 0.00132

c12 2.442 4.998 34 0.026 0.00156

C13 2.440 5.003 43 0.053 0.00318
experimental oil is used to saturate them by pressure dif- circulation system is used to set the confining pressure to
ference through the inlet valve. It takes five days to ensure 2 MPa higher than the pressure at the inlet. Next, one pore
that all the gas in the pores of the cores is discharged. After volume (PV) of the prepared deuterium oxide is injected into
saturation, the wet weight of the cores is measured. The the core from the inlet end of the core holder using an ISCO
cores are then placed into the core holder, and the temper- pump to simulate the injection process. Next, the valve at the
ature is set to 50 °C. Besides, the Q-CPMG sequence is used outlet end of the core holder is closed, the injection pressure is
to collect the core pore-throat signal at a resonance fre- increased until it stabilized at 10 MPa, and the valve at the
quency of 12 MHz and an echo time (TE) of 0.5 ms, a digital inlet end of the core holder is closed. This process is main-
gain setting of 5, an analog gain setting of 15, a preamplifier tained for 24 h to simulate the shut-in process. Finally, the
setting of 3, an accumulation number of 16 (to ensure the valve at the inlet end and the outlet end are opened simul-
signal-to-noise ratio and scanning accuracy), a waiting time taneously to simulate the production process, and parameters
setting of 3000 ms, a number of acquisition points setting of such as injection volume, displaced fluid volume, and pres-
18,000, and a sampling frequency of 200 kHz. The HSE sure are recorded by various sensors. The above procedure
sequence is used to scan the MRI sagittal image of different forms a complete displacement-imbibition coupling pro-
cores under saturated oil conditions, and the specific HSE duction process. Subsequently, NMR tests at different injec-
sequence NMR experimental parameters are shown in tion volume (1, 2, 3, and 4 PV) are conducted, and the
Table 4. experiment is terminated when the NMR spectra and MRI

(4) Core displacement: This step is the key to the success of the sagittal image do not change. For the continuous injection

experiment. Firstly, the high-temperature and high-pressure

5147

experiment, the confining pressure is also set at 2 MPa higher
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Fig. 4. Core preparation process for the oil-water two-phase displacement-imbibition experiments.

Table 3
Experimental design for oil-water two-phase displacement-imbibition experiments.
Influencing factor Core sample No. Lithology Injection strategy
Different injection strategies c9 Argillaceous tuff Continuous injection
Water huff and puff
Displacement-imbibition
Different lithologies C1 Argillaceous siltstone Continuous injection
c2 Water huff and puff
c3 Displacement-imbibition
Cc4 Vitric tuff Continuous injection
c5 Water huff and puff
Cc6 Displacement-imbibition
c7 Argillaceous tuff Continuous injection
c8 Water huff and puff
c9 Displacement-imbibition
Different fracture penetration ratios c9 Argillaceous tuff Displacement-imbibition
C10
C11
Different fracture morphology c9 Argillaceous tuff Displacement-imbibition
C12
C13

Table 4

HSE sequence parameters for NMR experiments.
Parameter Value
Flip angle, ° 90
Refocus flip angle, ° 180
RG, dB 20
PRG 3
DRG, dB 5
Phase encoding duration, ms 1
Sweep width, kHz 40
Dummy scan 0
TR, ms 500
TE, ms 2.44
Average 6
Read size 256
Phase size 192
Echo position, % 10
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than the inlet pressure. Then, the prepared deuterium oxide
with different volume is injected into the core from the inlet
end of the core holder using an ISCO pump, and the valve at
the outlet end is opened to simulate the process of continuous
injection at the left end of the core and continuous production
at the right end of the core. The NMR spectra and MRI sagittal
image are scanned at different injection volume (1, 2, 3, and
4 PV) using the real-time NMR equipment. Finally, for the
water huff and puff experiment, most steps are consistent
with the displacement-imbibition experiment. However,
during the production process after the shut-in stage, only the
inlet valve is opened, while the outlet valve remains closed.
The NMR spectra and MRI sagittal image are also captured at
different injection volume (1, 2, 3, and 4 PV). In addition, for
experiments focused on the influence of fracture complexity
on the displacement-imbibition coupling effects, only the
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core sample is replaced, and the displacement-imbibition
steps are repeated. This approach enables the analysis of
how fluid flow characteristics and oil production from
microscopic pores are affected by varying fracture penetration
ratios and morphologies.

It is worth noting that the core sample size used in this study
was constrained by the physical dimensions of the NMR/MRI
equipment. The experimental setup requires samples to conform
to a specific diameter and length for stable scanning and signal
acquisition. As a result, longer core samples, which could poten-
tially capture more continuous flow behavior and better represent
field-scale heterogeneity, are not feasible within the current
experimental framework. This limitation may restrict the gener-
alizability of certain flow patterns observed, particularly those
associated with larger-scale fracture-matrix interactions. Future
research should consider adapting the experimental system to
accommodate longer cores, enabling extended visualization and
quantification of displacement-imbibition dynamics under more
representative reservoir conditions.

2.3. Validation of the NMR experiment

To ensure the accuracy of our displacement-imbibition online
NMR system, the volume of the experimental oil saturating each
core sample was determined based on the difference between dry
and wet weights pre- and post-vacuum saturation. The cores were
then scanned using NMR to obtain the total signal, establishing a
quantitative relationship between the experimental oil volume
and the total NMR signal. The fitted curve, shown in Fig. 5, dem-
onstrates a strong linear correlation between the oil volume and
NMR signal (R? = 0.9978), underscoring the stability and precision
of the NMR apparatus across repeated trials. This linear relation-
ship supports the reliability of NMR signal variations in depicting
oil saturation changes within the core samples. The relationship is
described in Eq. (1).

V =0.0001S — 0.3047 (1)

2.4. NMR T, spectrum inversion and a new method of MRI image
processing

2.4.1. Principle of NMR measurement

NMR technology is based on the principle of the magnetic
response of hydrogen nuclei under an external magnetic field. This
technique identifies key factors influencing fluid production and
investigates the coupling effects within pore structures of porous

Fig. 5. Relationship between the total NMR signals and oil mass volume.

5149

Petroleum Science 22 (2025) 5142-5165

media, assisting in defining the range of movable fluids. This
provides valuable insights for evaluating fluid utilization and un-
derstanding fluid migration patterns (Yuan et al., 2023). Currently,
low-field NMR systems commonly utilize T, relaxation spectra and
MRI to characterize fluid distribution. T, spectra indicate fluid
utilization across different pore sizes, while MRI visualizes fluid
distribution within specific axial slices of the core sample. MRI's
non-invasive nature enables researchers to observe the internal
structure of samples without damage, which is crucial for
analyzing fluid distribution. In a low magnetic field, hydrogen
nuclei in the sample are excited, generating radiofrequency signals
closely related to the rock's pore structure. By detecting these
signals and applying mathematical inversion, T, relaxation time
spectra can be constructed to further characterize the rock's pore
structure properties. The rock pore structure is studied by
measuring these signals and establishing the T, relaxation time
spectrum through mathematical inversion. The expression of
relaxation time is

1 1 1 1
LT T ' T 2
where T, is the total relaxation time, ms; Tog is the transverse
relaxation time of the filling fluid, ms; T»s is the transverse
relaxation time of the rock particle surface, ms; Tp is the trans-
verse relaxation time caused by fluid diffusion in the magnetic
field gradient, ms.

Since the Tyg of the fluid is much larger than the T, of the
saturated fluid in the core, and the 1/T,p caused by fluid diffusion
is very small, these two terms can be ignored in the application
process, that is, the relaxation time can be expressed as

T, :ir =Cr (3a)
pré
6=ér (3b)

where p is the relaxation strength constant of the rock surface; & is
the pore shape factor; S is the surface area of rock particles, cm?; V
is the pore volume, cm?; r is the average pore radius, cm; C is the
conversion coefficient, pm/ms.

2.4.2. Division of pore-throat radius

Extensive research has demonstrated a strong correlation be-
tween pore-throat distribution measured by NMR tests and that
obtained from high-pressure mercury intrusion (HPMI) tests
(Wang et al., 2021; Zhang P.-F. et al,, 2023). In this study, core
samples from the Junggar east, Santanghu, and Niujuanhu areas
are compared with their respective HPMI results (Fig. 6). The
conversion coefficients (C) between NMR signals and pore-throat
radius for the three areas are determined as 9.78, 8.45, and
70.29 nm/ms, respectively. Based on these values, relaxation times
are subsequently converted to reflect pore-throat distribution.
Since NMR can only detect hydrogen nuclei, the deuterium oxide
signal is masked in the experiment, resulting in pore distribution
reflecting solely the oil phase. During the displacement process,
both oil saturation in the core samples and the amplitude of the
NMR signal gradually decrease in tandem.

The core samples used in this paper are classified by NMR T,
spectra as predominantly right-peaked bimodal. Considering the
distinct migration mechanisms and dynamics across pores of
different sizes, segmentation values are carefully selected based on
the specific pore-throat structural characteristics of the target
area. This segmentation allowed us to convert the NMR T,



B.-Y. Wang, R.-Y. Cao, X.-Y. Zheng et al.

Petroleum Science 22 (2025) 5142-5165

Fig. 6. The pore-throat distribution results obtained from HPMI tests and the NMR conversion results. (@) Junggar east area; (b) Santanghu area; (c¢) Niujuanhu area.

spectrum into detailed pore distribution maps (Fig. 7(a)). During
the experimental process, NMR testing is conducted on cores from
the Junggar, Santanghu, and Niujuanhu areas in both oil-saturated
and post-displacement states, yielding pre- and post-
displacement NMR spectra (Fig. 7(b)). Among them, the
brownish-yellow area indicates residual oil saturation after
displacement, and the produced oil is the difference between
before and after displacement (the sum of the blue, green and red
areas).

Therefore, based on the pore-throat interval division results,
the utilization degree of pore-throat with different radii is deter-
mined by calculating the difference between the signal distribu-
tion area of a specific pore-throat interval and the initial saturation
signal area, divided by the area between the initial saturation
signal of the specific interval and the coordinate axis, as shown in
Eq. (4). Subsequently, the contribution to oil displacement effi-
ciency is quantified by calculating the ratio of the T, spectrum
amplitude difference within a specific interval before and after
displacement to the area difference between the entire T, spec-
trum and the x-axis before and after displacement, as shown in Eq.

(5).

P(I) fT2b[51m T2) SX(T2)]dT2 (4)
sz ini T2 dTZ
Tv(5, (Ty) — Sx(Ty)]dT:
E(T) = {:2 [ 2) (T2)]dT, 5)
fTZr::X ini(T2) SX(TZ)}dTZ

where Sini(T2) and Sx(T>) denote the NMR T, amplitude distribution
before and after displacement, respectively; P(I) quantifies the
utilization degree of pores within the interval I = [Ty,,Ty,] by
normalizing the spectral amplitude reduction to the initial signal

area of the same interval; E(I) evaluates the relative contribution of
pores in interval I to the overall displacement efficiency by
comparing the local amplitude reduction to the total spectral
reduction over the entire T, range [Tomin, T2max]-

2.4.3. New method of MRI image processing

MRI is a powerful tool for studying the displacement-imbibition
coupling process, as it can reflect changes in oil-water distribution
within the core based on signal intensity (brightness of color).
However, conventional MRI images only provide relative variation
trends and are limited in their ability to quantitatively characterize
oil saturation changes across different core regions. Similarly,
although the overall saturation change can be estimated by calcu-
lating the total oil production before and after displacement, this
approach lacks spatial resolution and cannot capture local satura-
tion information. To address these limitations, this study proposes a
novel method that integrates image processing with inversion
modeling to quantitatively characterize oil saturation in different
core regions before and after displacement. This approach over-
comes the traditional limitations of MRI by enabling quantitative
evaluation of local saturation changes within the core. The specific
methodology is as follows:

First, the MRI data volume is preprocessed using a programmed
approach. The signal intensity is normalized to the RGB color scale
range (0-255) through min-max normalization, which enables
consistent visualization and facilitates quantitative analysis. The
normalization formula is as follows:

Si—

Smax

x=255 x Smin (6)

Smin

where x represents the normalized pixel value; S; is the original
MRI signal intensity; and Spin and Spax are the minimum and

Fig. 7. (a) Interval division of pore-throat radius under saturated oil state. (b) A schematic diagram illustrating the evaluation principles of different effects in the

displacement-imbibition coupling process.
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maximum signal intensities across all MRI data volumes of the
experimental cores. The normalized value x is directly correlated
with color brightness: the redder the color (i.e., the higher the
value of x), the stronger the signal intensity, indicating greater oil
saturation. This suggests that the corresponding region may
contain significant residual oil.

We found that regions with high x values, often located near
fractures or flow-dead zones, exhibit poor mobility and retention
characteristics. The changes in oil saturation within these regions
follow a clearly nonlinear trend. Therefore, traditional linear
models are insufficient to characterize the spatial distribution of
saturation accurately. To address this, and based on experimental
observations and reservoir flow mechanisms, this study in-
troduces a logarithmic model combined with a linear term to
construct a saturation fitting function. This approach provides a
more accurate and physically meaningful description of the rela-
tionship between the normalized signal intensity x and oil
saturation:

f(x,a,b,c) =aln(x + b) + cx (7)

This model introduces a linear term to the logarithmic function
to accommodate the varying response characteristics across
different regions. The physical meanings of the fitting parameters
are as follows:

e Parameter a: Controls the curvature of the saturation response
in low signal intensity regions, reflecting the sensitivity of
saturation changes in low-saturation zones.

e Parameter b: Shifts the entire function horizontally to ensure
the validity of the logarithmic term's domain and adjusts the
initial response range of saturation.

e Parameter c: Represents the linear growth trend of saturation
in high signal regions, enhancing the model's ability to capture
the overall trend.

To verify the adaptability and physical relevance of the pro-
posed model, we systematically adjusted the values of parameters
a, b, and ¢, and plotted the response curves under different
parameter combinations (Fig. 8). These curves illustrate the in-
fluence of each parameter on the predicted oil saturation. Exper-
imental results demonstrate that the model exhibits strong
flexibility and can be effectively calibrated to match the charac-
teristics of actual reservoirs, thereby improving the accuracy of oil
saturation prediction across heterogeneous core samples.

Subsequently, by integrating the overall oil production data
from the displacement-imbibition coupling production experi-
ment, the model was subjected to parameter inversion and

Fig. 8. Response curves of the target model with different parameter combinations.
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nonlinear fitting (Fig. 9(a)), resulting in the following optimal
expression:

y =18.034In(x + 1) — 6.78 x 10 5x (8)

The fitted curve shows excellent agreement with the experi-
mental data, achieving a coefficient of determination of
R? = 0.9952, indicating high accuracy and stability of the model
(Fig. 9(b)). In this expression, the logarithmic term primarily de-
termines the overall trend of the model, while the linear term fine-
tunes the response in the high-value range, enhancing the model's
ability to capture subtle variations in oil saturation.

By substituting the x value of each pixel into the fitted function,
the corresponding oil saturation for each pixel is calculated. Sub-
sequently, by averaging or integrating the saturation values across
all pixels in the image, the overall change in average oil saturation
of the core before and after displacement can be determined

N
AStotal :% Z (S?efore _ S;}lfter)

(9)

where ASiota1 is the change in average oil saturation; N is the total
number of valid pixels in the image; and SP¢f"® and S2ft" are the oil
saturation at the same pixel location before and after the
displacement process, respectively.

Meanwhile, to further investigate the differential responses of
various regions—such as fracture-dominated regions, matrix

Fig. 9. (a) The flowchart for the inversion fitting process of the relationship curve. (b)
The relationship between oil saturation and variable x.
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regions, and heterogeneous interfaces—during the
displacement-imbibition coupling production, this study applies
an automated segmentation algorithm to divide the core images
into multiple regions of interest (ROI). The oil saturation change
within each ROI is then calculated individually:

1 M
ASgo) = v 21: (S]Ipefore _ SJ.;fter) (10)
Jj=

where ASgoj is the average oil saturation change in that region; M
is the number of pixels within a given ROI; and SP°™™ and Si™" are
the saturation values at pixel j within that region, before and after
displacement. By comparing the oil saturation change AS across
different regions, a quantitative analysis of oil-water migration
between the matrix and fractures can be performed. This enables
the identification of potential channeling pathways or fluid
retention zones, thereby helping to uncover the spatial heteroge-
neity of the displacement-imbibition coupling effect.

Using this method, the study achieves quantitative estimation
of oil saturation in different regions based on MRI images without
compromising the integrity of the core structure. Specifically,
saturation changes across the entire core can be obtained by per-
forming pixel-wise difference calculations between pre- and post-
displacement images. In addition, any ROI can be selected for
statistical analysis, enabling the extraction of local oil saturation
evolution. This approach provides an efficient and accurate tech-
nique for investigating the fluid displacement-imbibition coupling
mechanisms in complex and heterogeneous reservoirs. It offers
important theoretical insights and engineering guidance for un-
derstanding and optimizing coupling effects between matrix and
fracture, thereby enhancing the design and evaluation of EOR
strategies in tight and shale reservoirs.

3. Results and discussion

3.1. Oil-water transport mechanisms of cores with different
injection strategies

MRI imaging along the fracture orientation of the core samples
is conducted to obtain images corresponding to different injection
volume. Fig. 10 illustrates the evolution of oil saturation in the
cores from the Junggar east area under three different injection
strategies: continuous injection, water huff and puff, and
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displacement-imbibition coupling production. Fig. 11 illustrates
the evolution of NMR T, spectra for the Junggar east cores under
various injection strategies, alongside a visual comparison of the
actual cores before and after displacement. For core sample C1, due
to poor connectivity of the pore-throat network, the oil phase
within the matrix is difficult to utilize, with the injected water
primarily displacing oil from the large pores and fractures. As the
injection volume increases, the reduction in oil signals within the
fractures becomes progressively less pronounced, exhibiting a
diminishing trend, while the oil signals in both small and medium
pores remain nearly unchanged. By fitting the peaks of the T,
spectra, the migration trend of crude oil within the pores can be
obtained (black line in Fig. 11). As continuous injection progresses,
the trend lines for small pores and large pores exhibit a leftward
inclination, indicating a slight shift of the spectral peaks toward
the left. Analysis indicates that upon water injection into the core,
the injected water initially invades the large pores due to their
lower flow resistance. This results in the displacement of crude oil
from the large pores, leading to a decrease in signal intensity.
Concurrently, under the displacement effect, the injected water
extracts a small portion of crude oil from the small pores, but most
of the oil phases of the small pores are minimally transported to
the smaller scale pores. This migration behavior causes a leftward
shift of the NMR T, spectral peaks. For core sample C2, oil utili-
zation primarily occurs within the large pores in contact with the
imbibition end on the left side, driven by capillary imbibition. In
contrast, crude oil within the small pores of the internal matrix
and the fractures on the right end remains largely unrecovered,
leaving a substantial amount of residual oil. Analysis of the
migration trends in the T, spectral peaks reveals that the trend
lines for small pores and large pores also exhibit a leftward incli-
nation, with a more pronounced decrease in signal intensity
within fractures. This observation indicates that water huff and
puff enhance the capillary imbibition, utilizing the large pores
surrounding the fractures, as illustrated in the core image in Fig. 11
(b). For core sample C3, under displacement-imbibition coupling
effects, the amount of crude oil in the core matrix is significantly
reduced compared to that in cores subjected to continuous injec-
tion and water huff and puff. The oil phases in small pores, me-
dium pores, and large pores are progressively extracted, leading to
a continuous decline in signal values. Meanwhile, the T, spectral
peak trend also exhibits a leftward inclination. However, the
inclination of the large pores trend line is noticeably steeper than
that of the small pores. This difference arises because, under the

Fig. 10. Oil saturation distribution at various stages of different injection strategies for cores from the Junggar east area.
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Fig. 11. NMR T spectral evolution and core comparison images under different injection strategies for cores from the Junggar east area. (a) Continuous injection process; (b) water

huff and puff process; (c) displacement-imbibition process.

displacement-imbibition coupling effects, the exchange of fluids
and oil among small pores, medium pores and large pores be-
comes more frequent. Consequently, oil migrates more readily
from the matrix pores to the fractures, where it is extracted.
Nevertheless, due to the relatively tight nature of the core, utilizing
the oil saturation remains challenging, and a portion of the re-
sidual oil persists within the core matrix.

Unlike the dense cores from the Junggar east area, the cores
from the Niujuanhu area exhibit well-developed natural fractures
(as shown in the core images in Fig. 13). These natural fractures,
combined with the artificial fractures, form a complex fracture
network that facilitates the extraction of crude oil from the cores.
As shown in Fig. 12, the continuous injection process primarily
utilizes the matrix large pores along the mainstream line for core
samples with well-developed fractures and high connectivity
(core samples C4, C5, and C6). When large pores and fractures form
the water-driven advantage channel, a significant amount of water
flows along the channel, bypassing residual oil regions resulting in
ineffective water injection. Consequently, residual oil remains
trapped within the core, further complicating effective displace-
ment. During the water huff and puff process, imbibition is
significantly enhanced in fractured cores due to the increased
contact area between pores and fractures. This facilitates the
stepwise migration of crude oil from smaller pores to larger pores
and fractures. Accordingly, the change in the oil saturation field

within the core is more pronounced compared to that observed
during continuous injection. Under the displacement-imbibition
coupling effects, the swept volume of injected water and the
recoverable oil significantly increase. The frequent fluid exchange
between the core matrix and fractures induces pressure oscilla-
tions within the matrix pore-throat system. This effect facilitates
the displacement of crude oil from smaller pores, gradually
“shaking” it out under the coupled mechanism. Therefore, the
overall oil saturation of the core decreases significantly. It is worth
noting that the presence of fractures effectively enhances the
permeability of the core. However, it can also lead to water
channeling, which may reduce the overall utilization degree.
Therefore, preventing water channeling is crucial. A detailed
analysis of the influence of fractures on the
displacement-imbibition coupling process will be provided in the
subsequent discussion. Simultaneously, NMR T; spectra are tested
for the Niujuanhu cores under different injection strategies
(Fig.13), and the migration trend lines of the T, spectrum peaks are
fitted accordingly. In contrast to the cores from the Junggar east
area, the small pore trend line in the cores from the Niujuanhu
area exhibits an inclination angle of 90° during the continuous
injection process, indicating a linear decline in oil content within
small pores. However, during water huff and puff and
displacement—imbibition processes, the small pore trend lines
incline rightward, with a more pronounced inclination observed in

Fig. 12. Oil saturation distribution at various stages of different injection strategies for cores from the Niujuanhu area.
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Fig. 13. NMR T spectral evolution and core comparison images under different injection strategies for cores from the Niujuanhu area. (a) Continuous injection process; (b) water

huff and puff process; (c) displacement-imbibition process.

the displacement-imbibition process. This behavior highlights the
critical role of fractures in facilitating the recovery of oil from small
pores. As the injection volume increases, the decline in T, spec-
trum values becomes more conspicuous, indicating that once the
displacement—imbibition coupling effects extend throughout the
pore structure of the core, the exchange between the injected
water and oil becomes more efficient, resulting in higher oil re-
covery. In addition, the trend line for large pores is similar to that
observed in the Junggar east cores, exhibiting a leftward inclina-
tion. Among the injection strategies, the angle of inclination is the
steepest for continuous injection, followed by
displacement-imbibition, and the smallest for water huff and puff.
This phenomenon occurs because the oil in large pores is primarily
extracted through displacement mechanisms. Since the displace-
ment effect is most significant during continuous injection, the T,
spectrum shows the greatest decline, resulting in the steepest
trend line inclination.

The pore-throat structure of the cores from the Santanghu area
exhibits greater heterogeneity, with a more dispersed pore size
distribution that lies between those of the Junggar east and Niu-
juanhu areas (Fig. 7(a)). Therefore, although the cores from the
Santanghu area lack the extensively developed natural fractures
observed in the Niujuanhu area, their pore-throat distribution
characteristics and the presence of partial fractures enable better
displacement performance under different injection strategies
compared to the Junggar east cores. However, the displacement
effectiveness is slightly inferior to that of the Niujuanhu cores
(Fig. 14). Similarly, the trend lines of the NMR T spectral peaks for
the Santanghu cores closely resemble those observed in the Niu-
juanhu area. The oil migration trend lines for smaller pores exhibit
a rightward inclination, suggesting that, under the
displacement-imbibition coupling effects, the matrix oil gradually
migrates in small quantities toward larger pores (Fig. 15). This
migration establishes an ‘oil supply chain’ that progresses from
small pores to larger pores and ultimately to fractures. Further-
more, the trend line of crude oil migration in the large pores is
inclined to the left, which indicates that the crude oil in the large
pores of the core can be effectively driven out under different in-
jection strategies.

3.2. Microscopic oil-water displacement mechanism in different
pores

The microscopic displacement mechanisms in pores and frac-
tures of varying sizes form the theoretical foundation for the
efficient development of shale oil reservoirs. To better illustrate
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the microscopic displacement mechanisms under different injec-
tion strategies, we select core samples from the Santanghu area,
which exhibit moderate development performance, as the
research focus. Fig. 16(a) illustrates the evolution of NMR T,
spectra for three core samples before and after displacement un-
der different water injection strategies. A clear decline in spectral
peak values is observed, indicating that the injected water effec-
tively utilized oil in pores of various sizes, resulting in efficient oil
production from the cores. By comparing continuous injection,
water huff and puff, and displacement-imbibition processes, it is
evident that displacement-imbibition is more effective in utilizing
oil from small, medium, and large pores. Both continuous injection
and water huff and puff processes exhibit certain limitations and
fail to achieve comprehensive utilization of the core. Fig. 16(b) il-
lustrates the relationship between pore-throat utilization degree
and the injection volume under different water injection strategies
for the Santanghu cores. Notably, pores of different scales exhibit a
trend of initially rapid growth followed by slower growth. During
the continuous injection process, the injected water primarily
promotes oil production in medium and large pores. After 4 PV of
displacement, the utilization degree of medium and large pores
increases from 6.31% and 45.94% to 26.04% and 83.14%, respec-
tively, whereas the utilization degree of small pores reaches only
10.87%. This is attributed to the strong resistance caused by the
smaller capillary radius and the Jamin effect at the pore-throat.
Therefore, the continuous injection process primarily relies on
displacement mechanisms to utilize oil from medium and large
pores.

For the water huff and puff process, it is observed that the
utilization degree of medium pores exhibits negative values in the
early stages. This phenomenon is mainly attributed to three fac-
tors: (1) During the water injection stage, water can transport oil
into medium pores, leading to a redistribution of oil within the
core. (2) Under the influence of capillary forces, oil migrates
inversely from small pores to medium pores via imbibition. (3) Qil
in large pores may flow back into medium pores through positive
imbibition. These phenomena collectively result in an increase in
oil content in medium pores. As the injection volume increases,
capillary imbibition gradually strengthens, leading to the contin-
uous displacement of oil from small pores, with the oil displace-
ment efficiency reaching 24.31%. However, compared to
continuous injection, the displacement effect during the water
huff and puff process is significantly weaker, with the utilization of
medium and large pores at 10.97% and 52.88%, respectively. Thus,
the water huff and puff process primarily relies on capillary
imbibition to displace oil within small pores.
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Fig. 14. Oil saturation distribution at various stages of different injection strategies for cores from the Santanghu area.

Fig. 15. NMR T, spectral evolution and core comparison images under different injection strategies for cores from the Santanghu area. (a) Continuous injection process; (b) water

huff and puff process; (c) displacement-imbibition process.

Unlike water injection strategies that depend solely on a single
driving force (either displacement or imbibition effect), the
displacement-imbibition coupling production mechanism lever-
ages multiple driving forces (displacement—imbibition effect) to
utilize pores of different scales. The ultimate utilization rates of
small, medium, and large pores increase from 16.80%, 5.04%, and
26.47% to 32.21%, 24.13%, and 66.11%, respectively. Moreover, pore-
throat utilization during the displacement-imbibition coupling
process is predominantly concentrated in the early stages and
gradually diminishes later. This indicates that
displacement-imbibition coupling effectively lowers the utiliza-
tion threshold of pores, resulting in higher oil displacement effi-
ciency. Additionally, the oil recovery performance under different
injection strategies is summarized (Fig. 16(c)). As shown in the
figure, the overall final oil displacement efficiency of
displacement-imbibition coupling production (22.04%) is higher
than that of continuous injection (16.29%) and water huff and puff
(13.99%). However, in the early stages of displacement, the oil
displacement efficiency of water huff and puff exceeds that of
continuous injection. This is due to the fact that the mainstream
channel has not yet been formed within the core during the early
stages of continuous injection. In contrast, the early stages of water
huff and puff involve significant imbibition replacement at the
matrix—fracture interfaces, resulting in higher oil production and
thus higher oil displacement efficiency. The contributions of
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different pore sizes to oil displacement efficiency are also analyzed
(pie charts in Fig. 16(c)). For both continuous injection and water
huff and puff, more than 70% of the oil displacement efficiency is
attributed to the extraction of oil from large pores, while small and
medium pores contribute only about 30%. This suggests that some
of the residual oil in medium and small pores is connected through
smaller pore-throat channels, indicating the untapped potential of
small and medium pores in enhancing oil recovery (EOR). Under
displacement-imbibition coupling effects, the contribution of
small and medium pores to oil displacement efficiency increases
by approximately 20%, reaching about 50%. This approach effec-
tively recovers the residual oil that cannot be utilized by the other
two injection strategies and achieves balanced utilization across
pores of different scales. Clearly, displacement-imbibition
coupling production is a superior method for EOR, as it maxi-
mizes the contribution of underutilized pore networks and en-
sures more comprehensive utilization of residual oil.

Generally, displacement-imbibition coupling production can
be divided into three stages (Fig. 17). The first stage is the water
injection stage, dominated by the displacement effect. At this
stage, the injected water, driven by pressure, infiltrates the core
matrix through fractures, as fractures possess higher permeability
and lower flow resistance. Subsequently, most of the oil in large
pores is displaced by the displacement effect. Simultaneously, due
to the combined effects of viscous forces and capillary forces,
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Fig. 16. (a) NMR T, spectral evolution of Santanghu cores before and after displacement under different injection strategies. (b) Relationship between pore-throat utilization
degree and injection volume for Santanghu cores under different injection strategies. (c¢) Oil recovery performance of different injection strategies and the contributions of various

pore sizes to oil displacement efficiency.

localized cocurrent imbibition occurs at the interface between the
fractures and the matrix, enabling oil to be expelled from the
pores. Under pressure differential driving, mainstream channels
are established within the matrix pores, facilitating effective
displacement in some large pores. This stage is primarily charac-
terized by oil recovery driven by the displacement effect and the
partial cocurrent imbibition effect. The second stage is the shut-in
stage, dominated by capillary imbibition. During this stage, pres-
sure gradually propagates into pores of varying sizes, expanding
the range of influence. Near the interface between the matrix and
fractures, as the pressure differential between pores decreases,
pore-throat radius shrinks, and capillary pressure increases, the
displacement effect diminishes significantly, leading to reduced
utilization in fractures and large pores. However, water within
fractures and large pores undergoes counter-current imbibition
into the smaller pores of the matrix. The oil films on the walls of
small pores are gradually replaced by water, forcing the oil out of
small pores into larger ones or fractures, resulting in counter-
current imbibition. In regions near the mainstream channels
within the matrix, the pressure drop initiated during the water
injection stage continues to propagate. When pressure exceeds
capillary forces, cocurrent imbibition occurs in some pores at this
stage. However, as the pressure drops below capillary forces,
localized high-pressure zones form within the matrix pores.
Counter-current imbibition then overcomes the displacement
pressure differential, transferring oil from small pores to larger
ones. Thus, during this stage, under the coupling effects of
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cocurrent and counter-current imbibition, oil within the matrix
pores is extensively recovered, making this stage the primary
contributor to overall oil production. The third stage is the pro-
duction stage, dominated by displacement-imbibition coupling
effects. After the shut-in stage, oil from the complex tortuous small
pores migrates into larger pores or fractures. At this point, the re-
established pressure differential displacement system utilizes the
oil from the large pores and fractures. Simultaneously, the
displacement effect and imbibition effect within the matrix ach-
ieve dynamic equilibrium, with their magnitudes diminishing
compared to the water injection and shut-in stages. Eventually, the
fluid distribution within the matrix pores reaches a stable state.
Compared to conventional water injection methods,
displacement-imbibition coupling production enhances oil re-
covery by artificially altering the pressure field within the matrix
pores, creating localized high-pressure differentials. This induces
pressure oscillations between pores of different sizes, effectively
activating and leveraging capillary imbibition, lowering the utili-
zation threshold for pore-throat networks. Over multiple cycles of
displacement-imbibition coupling production, oil trapped in hard-
to-utilize pores is gradually displaced through continuous “oscil-
lations.” This oil-water flow process across various pore sizes is
inherently prolonged. The key to displacement-imbibition
coupling production is pressure oscillation and capillary imbibi-
tion. Notably, imbibition does not only occur near the
matrix-fracture interface, nor is it limited to the early stages of the
process. Instead, imbibition persists throughout the entire
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Fig. 17. Schematic diagram of fluid transportation at different stages of oil-water two-
phase displacement-imbibition coupling oil production.

displacement-imbibition coupling production process within the
matrix pores, playing a continuous and vital role.

3.3. Influencing factors for displacement—imbibition coupling
production

After a comparative analysis of different injection strategies,
the displacement-imbibition coupling production is identified as a
superior approach for EOR. However, for tight and shale reservoirs,
the performance of this method is influenced by multiple factors,
among which the lithology of reservoir rocks and the heteroge-
neity of matrix-fracture systems are the most critical. Based on an
online displacement-imbibition NMR system, this study system-
atically investigates the effects of lithology, fracture penetration
ratio, and fracture morphology on the efficiency of
displacement—imbibition coupling production. Experimental data,
including MRI images and NMR T, spectra, are used to calculate
the ultimate oil displacement efficiency and the contributions
from pores of different scales. The pore-throat utilization degree
during the production process is quantitatively evaluated, and the
contribution of different actions to the oil displacement efficiency
is also analyzed. These findings provide crucial insights for opti-
mizing field production design in complex reservoirs.

3.3.1. Effect of lithology

Fig. 18 illustrates the changes in oil saturation for cores of
different lithologies during displacement-imbibition coupling
production. The initial oil saturated state reveals distinct
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characteristics for each lithology. The argillaceous siltstone from
the Junggar east area exhibits a homogeneous pore distribution
due to compaction effects. In contrast, the vitric tuff from the
Niujuanhu area and the argillaceous tuff from the Santanghu area
show strong pore heterogeneity. Additionally, a natural fracture is
observed in the vitric tuff core, further emphasizing the litholog-
ical differences in oil saturation characteristics. For the argilla-
ceous siltstone core sample C3, the poor pore-throat connectivity
due to its tight nature limits the effectiveness of the
displacement-imbibition coupling production method. The overall
oil saturation of the core decreases only slightly, with partial uti-
lization confined to the mainstream channel in the core's central
region, leaving a substantial amount of residual oil within the
matrix.  This indicates  that the  applicability of
displacement-imbibition coupling production is relatively low for
the argillaceous siltstone matrix in the Junggar east area, neces-
sitating consideration of other factors to enhance its development
efficiency. For the vitric tuff core C6, the excellent pore-throat
connectivity allows significant utilization of oil in both the pores
and fractures under the displacement-imbibition coupling effects.
The presence of natural fractures, combined with artificially
induced fractures, forms a complex fracture network, increasing
the contact area between the matrix and fractures. This enhances
the interaction frequency and facilitates the exchange of fluids
with the residual oil in the pores, leading to oil migration from
matrix pores to fractures and ultimately reducing the overall oil
saturation of the core. For the argillaceous tuff core sample C9, the
change in oil saturation is primarily concentrated in the upper part
of the core. This is due to the strong heterogeneity of the core from
the Santanghu area, which results in uneven pore distribution. The
coupling effects of imbibition (capillary force) and displacement
(viscous force) help drive the oil out of the larger pores or frac-
tures, thereby improving the core's oil displacement efficiency.
Fig. 19(a) presents the evolution of NMR T, spectra before and
after the displacement-imbibition coupling production for cores of
different lithologies. Compared to the core sample C3 with poor
pore-throat connectivity, the core samples C6 and C9, which
exhibit better pore-throat connectivity, show a more pronounced
decrease in the oil signals in small, medium, and large pores after
the experiment. The T spectra gradually decrease and shift to the
right, indicating that the oil within the matrix slowly migrates into
fractures under the influence of the displacement-imbibition
coupling effects. As a result, the matrix pores continue to supply
oil to the fractures. Fig. 19(b) shows the relationship between pore-
throat utilization and the injection volume during the
displacement-imbibition coupling production for cores of
different lithologies. It is observed that wunder the
displacement-imbibition coupling effects, the largest pore-throat
utilization occurs in large pores, followed by medium and small
pores. Among them, the vitric tuff core, with its developed frac-
tures and good pore-throat connectivity, exhibits the highest uti-
lization degree in pores of different sizes. After 4 PV of
displacement-imbibition coupling production, the utilization de-
gree for small, medium, and large pores reaches 59.23%, 35.70%,
and 79.51%, respectively. Although the argillaceous tuff core does
not have as well-developed fractures as the vitric tuff, it still
possesses good pore-throat connectivity. As a result, the utilization
degree for small, medium, and large pores is slightly lower than
that of the vitric tuff core, reaching 32.21%, 24.13%, and 66.11%,
respectively. On the other hand, the argillaceous sandstone core,
due to severe capillary retention phenomena, is unable to effec-
tively play the role of the displacement-imbibition coupling ef-
fects, especially hindering the effective imbibition between the
injected water and the matrix. This leads to low pore-throat uti-
lization degree in small, medium, and large pores, with values of
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Fig. 18. Distribution and changes in oil saturation at different stages of displacement-imbibition coupling production for cores of different lithologies.

Fig. 19. Effect of lithology. (a) NMR T, spectral evolution before and after the displacement-imbibition coupling production. (b) The relationship between pore-throat utilization

and injection volume during the displacement-imbibition coupling production.

15.35%,13.79%, and 32.72%, respectively. This suggests that a better
pore structure can maximize the effectiveness of
displacement-imbibition coupling effects, which is conducive to
actual production.

Fig. 20(a) shows the relationship between oil displacement ef-
ficiency and the injection volume during the
displacement-imbibition coupling production for cores of different
lithologies. Fig. 20(b) analyzes the contributions of different forces
to the oil displacement efficiency during displacement-imbibition
coupling production. Similar to the pore-throat utilization degree,
the oil displacement efficiency also exhibits a trend of rapid increase
followed by a slower rate. For the argillaceous siltstone core sample
C3, due to its inherently dense structure and non-development of
fractures, its ultimate oil displacement efficiency reached 11.80%
after 4 PV of displacement-imbibition coupling production. Of this,
the displacement effect contributes 2.41%, the imbibition effect
contributes 8.09%, and the displacement-imbibition coupling ef-
fects contribute 1.38%. In comparison, the reservoir represented by
argillaceous tuff core sample C9 has a fracture density of 10 frac-
tures per meter, resulting in better pore-throat connectivity.
Consequently, the ultimate oil displacement efficiency of argilla-
ceous tuff core sample C9 reaches 22.04%. Displacement and
imbibition effects increase by 5.53% and 1.29%, reaching 7.94% and
9.38%, respectively, while the displacement-imbibition coupling
effects increase oil displacement efficiency by nearly three per-
centage points, reaching 4.72%. The reservoir represented by vitric
tuff core C6 exhibits highly developed fractures, with a fracture
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density of 33 fractures per meter, resulting in excellent perme-
ability. Its oil displacement efficiency rises rapidly before 2 PV,
gradually increasing thereafter. After 4 PV, the contributions of
displacement effect, imbibition effect, and displacement-imbibition
coupling effects to oil displacement efficiency in small, medium,
and large pores are 10.16%, 20.18%, and 7.35%, respectively, resulting
in the ultimate oil displacement efficiency of 37.69%. However, due
to differences in time scales, boundary conditions, and core-to-
reservoir scaling, the overall contribution of imbibition to oil
displacement efficiency is typically low in the field, generally less
than 1%-2%. Therefore, the experimental results are primarily
intended to reveal the microscopic fluid migration mechanisms
rather than directly predict field-scale oil production.

These findings highlight that the effectiveness of
displacement—imbibition coupling production is governed by the
physical properties of lithology and the underlying microscopic
mechanisms. Under identical wettability conditions, poor pore-
throat connectivity leads to smaller capillary radii, a stronger Jamin
effect, and higher flow resistance. However, enhanced capillary
forces can extend the reach of imbibition, activating oil recovery over
longer distances. Furthermore, factors such as the viscous force at
pore walls, the initial pressure gradient required to utilize oil, and
interactions between oil and water in confined pores are all strongly
influenced by lithological characteristics. Thus, favorable pore-throat
structures facilitate the full potential of displacement-imbibition
coupling production, reducing resistance to oil-water exchange
across pores of various sizes, and thereby improving overall
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Fig. 20. Effect of lithology. (a) Oil displacement efficiency versus injection volume during the displacement-imbibition coupling production. (b) Contributions of different forces
to oil displacement efficiency during the displacement-imbibition coupling production.

displacement efficiency. Consequently, when designing develop-
ment strategies, it is critical to first characterize the lithology and
pore-throat structure of the target area to enable effective utilization
of oil in pores of all sizes.

3.3.2. Effect of fracture penetration ratio

Currently, horizontal well volumetric fracturing in tight and
shale oil reservoirs has generated a large number of artificial
fractures, which, together with natural fractures, constitute a
complex fracture network and improve the storage capacity be-
tween the matrix and fractures. This significantly enhances oil
flow within the reservoir, making it a critical factor in achieving
effective production from tight/shale oil reservoirs. To investigate
the effects of fracture penetration ratio and fracture morphology
on displacement—imbibition coupling production, we selected
argillaceous tuff cores with favorable pore-throat structures from
the Santanghu area. Fig. 21 illustrates the distribution and changes
in oil saturation before and after displacement-imbibition
coupling production with different fracture penetration ratios. As
the fracture penetration ratio increases from 0.4 to 0.6, the contact
area between fractures and the matrix improves, enhancing the
displacement-imbibition coupling effects. This facilitates oil ex-
change between the fluid and matrix pore spaces, leading to a
more pronounced decrease in overall saturation. However, when
the fracture penetration ratio reaches 0.8, oil exchange around the
left-end fracture is more frequent, leaving minimal residual oil,
while in the matrix region near the right-end fracture, less residual
oil is observed near the fracture but more at a distance from it. The
study indicates that fractures can effectively expand fluid flow

within the matrix pore space. However, due to limited utilization
distances, simple fracture systems cannot fully displace oil within
the matrix. Therefore, complex fracture morphologies are more
advantageous in leveraging displacement-imbibition coupling
effects, ultimately improving oil displacement efficiency.

Fig. 22(a) illustrates the evolution of NMR T; spectra before and
after displacement-imbibition coupling production for cores with
different fracture penetration ratios. In the initial oil-saturated
state, an increase in fracture penetration ratio leads to an
enhanced T, signal for large pores and fractures, indicating that
fractures effectively improve the flow capacity of the matrix. After
4 PV of displacement-imbibition coupling production, the T,
signal of core sample C10 with a fracture penetration ratio of 0.6
shows a significant decrease, particularly in large pores and frac-
tures, indicating higher oil production from these regions. Simul-
taneously, the T, spectrum reductions for small and medium pores
in core sample C10 are the most substantial among the three cores,
whereas core sample C11 retains higher T, signal values for small
and medium pores, suggesting the presence of a considerable
amount of residual oil in the matrix pores. Fig. 22(b) presents the
relationship between pore-throat utilization and injection volume
for core samples C9, C10, and C11 during displacement-imbibition
coupling production. All cores exhibit a growth trend that is
initially rapid and then slows down. However, increasing the
fracture penetration ratio does not consistently translate to higher
utilization of different pore sizes. Compared to core sample C9
with a fracture penetration ratio of 0.4, after 4 PV of
displacement—imbibition coupling production, core sample C10
(fracture penetration ratio of 0.6) shows increases in utilization of

Fig. 21. Distribution and changes in oil saturation before and after displacement-imbibition coupling production with different fracture penetration ratios.
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Fig. 22. Effect of fracture penetration ratio. (a) NMR T, spectral evolution before and after the displacement-imbibition coupling production. (b) The relationship between pore-
throat utilization and injection volume during the displacement-imbibition coupling production. (c¢) Oil displacement efficiency versus injection volume during the
displacement-imbibition coupling production. (d) Contributions of different forces to oil displacement efficiency during the displacement-imbibition coupling production.

small, medium, and large pores by 11.19%, 12.18%, and 9.16%,
respectively, achieving utilization degrees of 43.41%, 36.32%, and
75.27%, with a total oil displacement efficiency of 30.28% (Fig. 22
(c)). In contrast, for core sample C11 (fracture penetration ratio of
0.8), utilization of small, medium, and large pores decreases by
7.13%, 5.47%, and 4.86%, respectively, with a total oil displacement
efficiency of 25.73%. This demonstrates that fracture penetration
ratio primarily impacts the contact area between the matrix and
fractures, influencing oil-fluid exchange in small pores. This effect
enhances imbibition contributions, which increased by 4.22% for
core sample C10 (Fig. 22(d)). Therefore, in hydraulic fracturing
design, it is critical to maintain the fracture penetration ratio at a
moderately high level without excessive values to ensure effective
utilization of tight and shale reservoirs.

3.3.3. Effect of fracture morphology

Fig. 23 illustrates the oil saturation distribution and changes in
cores with different fracture morphologies. Results indicate that
core sample C9 exhibits balanced utilization primarily along the
mainstream channels, with less residual oil around the two ends of
the fractures and accumulation outside the mainstream channels.
Core sample C12 is unique, featuring a naturally through-going
fracture that spans the entire core. While the fracture increases
the contact area between the matrix and the fracture, it also in-
troduces the risk of water channeling. Before a water break-
through, fluid exchange occurs between the matrix pores and the
surrounding fracture. However, when the injected water channels
through the fracture, fluid exchange with matrix pores far from the
fracture becomes difficult, leading to a significant amount of re-
sidual oil near the fracture. In contrast, core sample C13, with a
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complex matrix-fracture contact relationship, allows the
displacement-imbibition coupling effects to be fully utilized at the
matrix—fracture interface and within the matrix pores before wa-
ter channeling. However, once a channeling pathway forms, fluid
rapidly flows through the preferential water drive channels,
bypassing matrix pores and leaving some residual oil far from the
fracture. Nevertheless, the complex fracture network in core
sample C13 enables extensive utilization of most pore spaces.
Fig. 24(a) illustrates the evolution of the NMR T, spectra during
the displacement—imbibition coupling production for cores with
different fracture morphologies. The spectra reveal a bimodal dis-
tribution dominated by nanoscale small pores and microscale large
pores, with some partially developed intermediate-sized pores. By
analyzing the T, spectra before and after displacement, it is evident
that with increasing injection volume, the T, spectrum for small
pores shifts to the right, accompanied by a gradual decrease in
signal intensity and movement toward larger relaxation times. This
trend indicates that oil in the small matrix pores progressively
migrates to larger pores under the displacement-imbibition
coupling effects. Both cocurrent imbibition and counter-current
imbibition occur simultaneously across different pore sizes,
driving the continuous transfer of oil from small matrix pores
through intermediate and large pores to fractures. Fig. 24(b) and (c)
depict the pore-throat utilization degree and oil displacement ef-
ficiency as a function of injection volume during the
displacement-imbibition coupling production for cores with
different fracture morphologies. All cores demonstrate a rapid in-
crease in the early stages, followed by a slower growth trend, with
cores exhibiting more complex fracture morphology achieving
higher overall growth. After 4 PV of displacement-imbibition
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Fig. 23. Distribution and changes in oil saturation before and after displacement-imbibition coupling production for cores with different fracture morphologies.

Fig. 24. Effect of fracture morphology. (a) NMR T, spectral evolution before and after the displacement-imbibition coupling production. (b) The relationship between pore-throat
utilization and injection volume during the displacement-imbibition coupling production. (c¢) Oil displacement efficiency versus injection volume during the
displacement-imbibition coupling production. (d) Contributions of different forces to oil displacement efficiency during the displacement-imbibition coupling production.

coupling production, the ultimate displacement efficiencies for
core samples C9, C12, and C13 are 22.04%, 14.57%, and 37.39%,
respectively. Compared to the core C9 with double-ended fracture,
the core sample C12, influenced by a through-fracture, shows lower
oil displacement efficiency and pore-throat utilization across
different pore sizes. The utilization degrees for small, medium, and
large pores are 20.17%, 15.32%, and 42.68%, respectively. Conversely,
the core sample C13 with complex fractures exhibits significant
improvements in the utilization degrees of small and medium
pores, reaching 55.63% and 37.21%, respectively, although the uti-
lization degree of large pores slightly declines by 5.58%-60.53%.
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This suggests that increasing fracture complexity enhances the
contact area between the matrix and fractures, thereby strength-
ening capillary imbibition, particularly in fracture-dense regions.
Consequently, the utilization degrees of small and medium pores
increase significantly. However, the enhanced capillary imbibition
can reduce the dominance of displacement mechanisms, leading to
a slight decline in the utilization degree of large pores and
fractures.

An analysis of the contributions of different driving forces to oil
displacement efficiency (Fig. 24(d)) shows that complex fracture
morphology significantly enhances reservoir permeability,
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improving the effects of displacement, imbibition, and their
coupling. This results in a notable increase in ultimate displace-
ment efficiency. However, the risk of water channeling associated
with fractures cannot be ignored. For instance, the contributions of
all driving forces to displacement efficiency in the core sample C12
are lower compared to the core sample C9, due to the adverse
effects of water channeling. In summary, fractures play a critical
role in increasing the contact area between the matrix and fluids,
reducing oil-water flow resistance, and facilitating fluid exchange
between the matrix and fractures, thereby enhancing oil
displacement efficiency. However, careful attention must be given
to the risk of water channeling induced by fractures during
reservoir development.

Additionally, before conducting the oil-water two-phase
displacement-imbibition experiment, a water flooding test was
performed on the core sample C9 to record the pressure gradient
at different flow rates, thereby obtaining the flow rate-pressure
gradient curve for the core sample C9, as shown in Fig. 25.
Several critical points are identified during the experiment: Point
A represents the absolute starting pressure gradient (Gp), corre-
sponding to the pressure gradient required for fluid flow through
the largest pore channels in the medium. Point B is the quasi-
starting pressure gradient (G.), which reflects the starting pres-
sure gradient for fluid flow through the average pore diameter
channels. Point C marks the transition between nonlinear and
linear flow, indicating the critical pressure gradient for this tran-
sition. Point D denotes the minimum flow rate of the pump. Point E
is the transition point between the linear and nonlinear flow
segments. Based on these critical points and the complexity of
fluid flow, the concept of nonlinear flow zoning is proposed to
characterize fluid flow in tight and shale reservoirs. In the linear
flow region fluid flow is dominated by linear flow, and both large
and small pores in the matrix can be utilized. In the nonlinear flow
region, fluid flow is dominated by nonlinear flow, with large pores
in the matrix being utilized while small pores are not utilized. In
the strongly nonlinear flow region, the heterogeneity is more
pronounced, with nonlinear flow dominating, and both large and
small pores in the matrix are difficult to utilize. Therefore, to avoid
water breakthrough while maximizing the effect of the
displacement-imbibition coupling production, the following two
aspects should be considered: (1) Ensure that the pressure
gradient during the injection stage exceeds the minimum pressure
gradient of the strongly nonlinear flow region, which corresponds
to the minimum stable liquid production rate. This ensures that

Fig. 25. Flow rate versus pressure gradient curve and nonlinear flow zoning diagram
of core sample C9.
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the displacement effect can overcome the capillary forces between
the pore-throat, allowing injected water to effectively enter the
pores of different sizes for fluid exchange. (2) Ensure that the
pressure gradient during the injection stage is lower than the
maximum pressure gradient of the linear flow region, which cor-
responds to the maximum stable liquid production rate. This
prevents  water  breakthrough  and maximizes  the
displacement-imbibition coupling effects. When conducting
large-scale volume fracturing in field applications, it is important
to avoid connecting artificial fractures between wells while
ensuring sufficient contact between the artificial fractures and the
reservoir matrix. Multiple rounds of displacement-imbibition
coupling production should be utilized to extract more oil from
the matrix and fractures, thereby improving the recovery rate.

4. Discussion

As demonstrated by the results of the real-time NMR
displacement-imbibition coupling production experiments and
the nonlinear flow zoning concept, the displacement-imbibition
process in tight/shale oil reservoirs involves fluid flow across
different flow regions. These are classified into three flow modes:
flow in linear flow region with well-connected pores and complex
fracture networks, flow in nonlinear flow region using large pores
and partial artificial fractures as displacement—imbibition path-
ways, and flow in strongly nonlinear flow region dominated by
small pores and natural fractures. Therefore, this study proposes a
oil-water two-phase displacement-imbibition flow model for
tight and shale reservoirs based on the nonlinear flow zoning
concept, integrating artificial fractures, natural fractures, and
matrix (Fig. 26). During displacement-imbibition coupling pro-
duction in tight and shale reservoirs, artificial fractures created by
hydraulic fracturing connect with natural fractures in the linear
flow region to form a complex fracture network. At this stage, oil
from matrix pores is produced through the fracture network
formed by volumetric fracturing. As production from the fracture
network declines, oil in the matrix pores of the nonlinear flow
region migrates to large pores and artificial fractures. However,
due to the limited capacity of artificial fractures, flow in this region
mainly involves utilizing oil from large pores. The strongly
nonlinear flow region, which contains the most oil but is the
hardest to develop, features matrix pores with high flow resistance
and capillary forces. By leveraging displacement-imbibition
coupling effects and natural fractures, effective utilization in this
region can be achieved, enabling oil to migrate from pores to the
wellbore. Natural fractures serve as bridges connecting the matrix
and artificial fractures, significantly enhancing fluid flow within
the porous medium. Reservoirs with well-developed natural
fractures are more likely to form complex fracture networks,
converting the pores in strongly nonlinear flow regions to those in
nonlinear flow regions or even linear flow regions. This reduces
flow resistance, utilizes residual oil, and facilitates oil migration to
the wellbore for production. Thus, large-scale volumetric frac-
turing can significantly enhance the utilization of pores in the
near-wellbore region, particularly in the linear and nonlinear flow
regions. However, for strongly nonlinear flow regions, additional
strategies such as reduced well spacing and
displacement-imbibition coupling oil production are required to
increase the inter-well pressure gradient, thereby optimizing fluid
flow and achieving EOR. In the near future, we will consider the
influencing factors of nonlinear flow zoning at each stage of in-
jection, shut in, and production, as well as EOR optimization, to
explore more efficient development methods for tight/shale oil
reservoirs.
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Fig. 26. The oil-water two-phase displacement-imbibition flow model of matrix and fracture for tight and shale reservoirs based on the nonlinear flow zoning concept.

5. Conclusions

In this study, a series of online NMR oil-water two-phase
displacement-imbibition experiments are conducted, focusing
on the displacement-imbibition coupling mechanism between the
matrix and fractures. Additionally, a new characterization method
for oil saturation in different regions based on image processing is
proposed. The dynamic evolution of various lithologies, injection
strategies, and fracture complexities is monitored, providing
insight into the pore-scale displacement mechanisms of oil under
diverse influencing factors. Furthermore, the extent of pore-throat
utilization across different pore sizes under various influencing
factors and the contribution of distinct driving forces to oil
displacement efficiency are quantified. The main research con-
clusions are as follows.

(1) Intight/shale oil reservoirs, there are two main driving forces
for crude oil displacement in the reservoir pores: displace-
ment effect occurs primarily in large pores and fractures,
while imbibition effect mainly occurs in medium and small
pores. Both continuous injection (dominated by displace-
ment effect) and water huff and puff (dominated by imbi-
bition effect) have limitations by only utilizing the dominant
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(3) The

pores. However, displacement-imbibition coupling produc-
tion with its multi-drive forces (displacement-imbibition
coupling effects), effectively achieves balanced utilization of
pores of different sizes, making it an excellent method for
improving oil recovery.

(2) The displacement—imbibition oil production mainly consists

of three stages: the water injection stage dominated by
displacement effect, the shut-in stage dominated by capillary
imbibition, and the production stage of
displacement-imbibition coupling effects. Artificially altering
the pressure field of the matrix pores creates pressure oscil-
lations between the pores, effectively enhancing or releasing
capillary imbibition and reducing the pore-throat utilization
threshold, which is key to the displacement-imbibition
coupling production.

reservoir lithology determines the ease of
displacement-imbibition oil production. Lithologies with
stronger heterogeneity and better pore-throat connectivity
can reduce the resistance to oil-water flow through the pores,
facilitating the effective implementation of
displacement-imbibition coupling effects and enhancing the
utilization of pores of different sizes. The ultimate oil
displacement efficiency of vitric tuff with better pore-throat
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structure is 37.69%, which is 25.89% higher than that of the
ultimate oil displacement efficiency of the argillaceous
siltstone.

(4) The complexity of the matrix and fractures significantly af-
fects fluid exchange during the displacement-imbibition oil
production, with fracture penetration ratio and fracture
morphology being two key factors. The more complex the
contact relationship between the matrix and fractures, the
easier it is for oil droplets to be displaced from the pore
spaces with larger contact areas between the fluid and the
matrix. The capillary imbibition between the matrix and
fractures is enhanced, while the displacement effect is
weakened. To maximize the effectiveness of
displacement-imbibition coupling production while avoid-
ing water channeling, effectively utilizing fractures is
crucial.

(5) It should be noted that the core length used in this study
was limited by the NMR/MRI equipment, which may restrict
the full development of capillary-driven imbibition fronts
and underestimate long-distance matrix—fracture in-
teractions. In addition, water-phase permeability was esti-
mated from air permeability using an empirical formula,
which may introduce uncertainty in comparative analysis.
These limitations have been acknowledged, and future work
should explore longer cores and direct permeability mea-
surements to improve accuracy and applicability.
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