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Advanced fracturing—flooding water injection (AFWI) technology provides an
effective approach to overcoming the limitations of conventional waterflooding
in tight oil reservoirs, particularly the issues of low sweep efficiency and
poor recovery. Nevertheless, the mechanisms governing pore—throat utilization
during this process remain insufficiently understood. In this study, a combination
of nuclear magnetic resonance (NMR) experiments and finite element (FE)
simulations was employed to investigate the microscopic displacement behavior
of tight cores under different scales of advanced fracturing—flooding water
injection. The results show that AFWI increased the initial displacement pressure
differential from 6.34 MPa (pre-injection volume (V) = 0) to 7.56 MPa (V. =
0.3) and 845 MPa (V. = 0.6), advanced the waterflood front by 1.5cm (V,, =
0.3) and 2.6 cm (V,,, = 0.6), and raised ultimate oil recovery from 35.5% to
40.5% and 43.5%. Low-field nuclear magnetic resonance (LF-NMR) spectra were
calibrated to pore radius via mercury intrusion, showing enhanced recovery
in medium-small throats under larger V.. Microscopic simulations revealed
that increasing V,. intensifies the pressure gradient between injection and
production ends, activating flow pathways within smaller pores and improving
overall pore—throat utilization. The integrated experimental and numerical
findings advance understanding of pore-scale fluid dynamics in tight reservoirs
and provide theoretical guidance for optimizing AFWI| strategies.

KEYWORDS

advanced fracturing-flooding water injection, microscopic numerical simulation,
microscopic pore-throat utilization characteristics, nuclear magnetic resonance (NMR)
experiment, tight oil reservoirs

1 Introduction

As the exploration and development of oil and gas resources accelerates, tight oil and
gas have gradually emerged as crucial resources supporting the global oil and gas revolution
(Yang et al., 2017; Li et al., 2022a; Yan et al., 2024; Jia et al.,, 2025; Wang et al., 2021).
Tight reservoirs are characterized by poor reservoir properties, small pore throats, a
significant proportion of small throat openings, and strong microscopic heterogeneity

01 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1730752
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1730752&domain=pdf&date_stamp=2026-01-12
mailto:zqy13653124701@163.com
mailto:zqy13653124701@163.com
https://doi.org/10.3389/feart.2025.1730752
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1730752/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1730752/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1730752/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1730752/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1730752/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Shi et al.

(Zhang et al., 2016; Song et al., 2020; Shi et al., 2015; Feng et al., 2017;
Yang et al., 2022b Yang et al.,, 2022a). These characteristics lead
to high injection pressures, limited effective connectivity, capillary-
dominated flow regimes under typical waterflood conditions, and
challenges in the development process, including high water
injection pressures and low oil recoveries (Wang et al, 2019;
Xue et al., 2025). Waterflooding in tight reservoirs is governed
by low-Reynolds-number, capillary-controlled two-phase flow. Key
dimensionless groups include the mobility ratio (M) and the
capillary number. With kerosene and water, M < 1, indicating a
potentially stable displacement in homogeneous media; however,
microscopic heterogeneity and capillary end effects restrict the
advance of the waterflood front and strand oil in small throats.
To address these development challenges, several oil fields have
recently proposed advanced fracturing-flooding water injection
(Wang et al., 2025; Li et al., 2024; Gao et al., 2024; Zhao et al., 2025;
Cao et al, 2024; Oluwasanmi et al, 2021). By implementing
water injection at pressures close to the fracture pressure, this
method replenishes reservoir energy and creates micro-fractures
that expand the swept volume, increase pore throat dimensions, and
enhance water flow channels. However, the technology for advanced
fracturing-flooding water injection is still in its infancy, and the
mechanisms supporting this technique require further refinement.
Therefore, it is imperative to clarify the characteristics of pore throat
utilization during advanced fracturing-flooding water injection in
tight oil reservoirs.

Currently, nuclear resonance-assisted

magnetic core

displacement experiments provide a rapid, nondestructive
means to detect fluid distribution patterns and pore throat
utilization characteristics within core samples (Tan et al., 2019;
Zhou et al, 2019; Jin et al, 2021; Mahmoud etal, 2020;
2020; Puskarczyk 2015).

Employing this methodology, numerous researchers have executed

Chelsea etal., Krakowska and
core displacement experiments to examine the pore throat
utilization characteristics linked to diverse development strategies
(Yang et al., 2022b; Sun et al., 2024; Yang et al., 2024; Qi et al., 2024;
Lang et al., 2021; Yao et al., 2023). However, research pertaining
to nuclear magnetic resonance experiments in the context of
advanced fracturing-flooding water injection remains scarce.
In exploring the microscopic mechanisms through which
advanced fracturing-flooding water injection enhances pore-throat
utilization (Zhang et al., 2025; Ren et al., 2025), many researchers
have employed techniques such as pore network modeling
(Yangetal., 2022a; Lin et al., 2021; Xu et al., 2023), lattice Boltzmann
methods (Li et al., 2025; Hou et al., 2021; Wei et al., 2023; Mohnke
etal, 2014; Jamal etal., 2022), and interface capture approaches
for simulating microscopic pore throats (Feng et al., 2025; Lu
etal, 2020). Among these, interface capture methods exemplified
by the phase field approach are proficient in handling the dynamics
of two-phase interfaces within complex geometrical pore throats,
rendering them appropriate for simulating microscopic two-phase
flow in intricate pore structures. However, there are still limited
studies that concentrate on micro-simulation of pore throats in
relation to advanced fracturing-flooding water injection techniques.

To address the existing gap in research concerning the
enhancement of pore throat utilization through advanced
fracturing-flooding water injection technology, this study employs
a combination of nuclear magnetic resonance experiments and

Frontiers in Earth Science

10.3389/feart.2025.1730752

microscopic pore throat simulation techniques. An analysis is
conducted on the pressure increment, pore throat utilization
characteristics, and underlying microscopic utilization mechanisms
associated with different scales of advanced fracturing-flooding
water injection technologies.

2 Physical experiment
2.1 Experimental materials and equipment

The oil sample used in the experiment is anhydrous kerosene,
exhibiting a density of 0.8 g/cm® and a viscosity of 2.5 mPas at
25°C and 0.1 MPa. The water sample used in the experiment is
high-purity deuterium oxide (D,0) with a density of 1.105 g/cm?®
and a viscosity of 1.095 mPa s under the same conditions of 25 °C
and 0.1 MPa. In this experiment, three tight cores from the Y
District of the HuaQing Oilfield, located in the Ordos Basin,
are used, and the physical properties of the cores are shown
in Table 1.

We used anhydrous kerosene as a surrogate for light crude oil for
three reasons: (i) reproducibility and safety—kerosene has a stable,
well-characterized composition and physical properties, reducing
variability due to crude compositional changes and minimizing
hazards; (ii) NMR compatibility—kerosene's hydrogen signal is
strong and consistent, while deuterium oxide (D,0) suppresses
water signals, enabling clean separation of oil-phase responses
without interference from paramagnetic species occasionally
present in crude; (iii) wettability and flow similarity—kerosene
closely approximates the behavior of light tight oils under
laboratory conditions, allowing us to isolate the effects of pressure
gradient and pore-scale geometry on waterflooding performance.
Accordingly, we refer to the oil phase as “kerosene” throughout the
manuscript, and all NMR and simulation analyses are based on
kerosene-water systems.

The experimental setup comprises three primary components:
the core displacement device, the nuclear magnetic resonance
monitoring system, and the metering apparatus. Figure 1 illustrates
the configuration of the experimental device. The displacement
system consists of an ISCO constant-speed, constant-pressure
pump and an intermediate container. The core experimental
equipment features a self-developed online nuclear magnetic
resonance monitoring system, which includes a low-field nuclear
magnetic resonance device (Macrol2-150H-I, Suzhou Niumai), a
core holder, and a constant-pressure circulating control pump. In
this experiment, the Q-CPMG sequence was employed to collect the
core throat signals, operating at a resonance frequency of 12.79 MHz
with a coil diameter of 25 mm. The echo time (TE) was set to 0.5 m,
with a waiting time of 6s and a total of 1024 echoes recorded.
Additionally, the HSE sequence was utilized to scan the nuclear
magnetic resonance imaging signals. During the experimental
process, data measurement occurs through two means: one involves
the metering system, which records the pressures at the inlet and
outlet ends of the core and the flow rate at the outlet, while the
other employs the nuclear magnetic resonance monitoring system
to observe the distribution patterns of oil and water throughout the
experiment.
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TABLE 1 Basic parameters of experimental core.

10.3389/feart.2025.1730752

Core sample Diameter, cm Length of core, cm Porosity, % Permeability, mD

| Resonance System

1 256 8.05 9.32 0.24
2 2.46 8.01 11.56 0.25
3 253 8.03 12.27 0.24
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FIGURE 1

data collection system.

Schematic and photograph of the core displacement setup integrated with low-field NMR, including injection system, NMR displacement system, and

1

Data Collection

System

2.2 Experimental design and process

To compare the effects of varying scales of advanced 2.

fracturing-flooding water injection, three experimental sets
were designed, simulating both conventional water flooding
and advanced fracturing-flooding water injection. The first set
of conventional water flooding experiments involved a total
injection volume of 3 PV (pore volumes). For the second set

of advanced fracturing-flooding water injection experiments, 3

the total volume injected was also 3 PV, with the pre-injection
volumes (the pre-injection volume when production is terminated
and the injection pressure approaches the fracture initiation
pressure.) set at 0.3 PV and 0.6 PV, corresponding to multiplicative
factors in the near-wellbore region. The experimental design
details are summarized in Table 2. The experimental steps are
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,
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and the central device is connected and its airtightness
is verified.

Core vacuum saturation: The core is placed within the chamber
of the vacuum saturation apparatus, where a predetermined
negative pressure is established and maintained for a duration
of 24 h. This step is designed to expel any gases contained
within the core, thereby preparing it for subsequent saturation
operations.

. Formation of bound water and saturation with simulated

oil: Initially, the pressure valve of the vacuum saturation
apparatus is opened, followed by the injection of water, with the
saturation pressure set at 15 MPa for a duration of 7 days. Due
to the existing negative pressure within the core, water is able
to permeate through the pore spaces. Given the core's dense
nature, to achieve thorough saturation, the core is subsequently
placed in a holder for water injection and displacement
saturation. Following this, oil is used to displace the water,
completely expelling all movable water and forming bound
water, thereby achieving a fully saturated oil state in the core.
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TABLE 2 Experimental scheme.

Core experiment

Water injection method

10.3389/feart.2025.1730752

Pre-injection volume, PV

1 Conventional injection 0
2 Advanced injection 0.3
3 Advanced injection 0.6

During the saturation process, the volumes of the oil and water
phases within the core are calculated based on the volumes
injected and produced.

4. Experimental procedures and data analysis: ®Synchronous
Water Injection via Conventional Core Displacement
Experiment: The cylindrical core is configured with the left
end serving as the injection side and the right end as the
production side. The confining pressure is set at 15 MPa, with
a back pressure of 12 MPa. Water is injected at a constant rate
of 0.05 mL/min while simultaneously opening the production
side. Key parameters such as core displacement pressure
differentials, cumulative injection volumes, and the quantities
of oil and water produced at the outlet are meticulously
recorded. ®@Advanced fracturing-flooding water injection
Experiment: This phase is divided into two distinct stages.
The first stage involves the advanced fracturing-flooding
water injection phase; the production side is closed while
water is injected at a constant rate of 0.05mL/min until
a predetermined pore volume (PV) is achieved, at which
point the injection phase concludes. The second stage is
the continuous water drive phase: the production side is
opened, and water injection continues at the same rate
of 0.05mL/min. During this stage, continuous recording
of the core displacement pressure differentials, cumulative
injection volumes, and oil and water production rates at the
outlet is maintained. Throughout each experimental setup,
synchronized nuclear magnetic resonance (NMR) imaging is
conducted. The experiment concludes when the water cut at
the production outlet exceeds 95% or when no additional oil
is produced.

2.3 NMR monitoring imaging processing
method

Under the influence of a static magnetic field and an externally
applied low magnetic field, the hydrogen nuclei in the pore throats
of kerosene (oil phase) resonate (Yuan et al., 2023; Liu et al., 2022).
During the relaxation process, radiofrequency signals are emitted.
By receiving these signals and conducting mathematical inversion,
we can generate an amplitude-relaxation time curve. The expression
of relaxation time is shown in Equation 1 (Li et al., 2022b):

1 1 1 1
—_— = — (1)
I, Ty Ty Tp

Where T, is the total relaxation time, ms; T,p is the
transverse relaxation time of the filling fluid, ms; T,g is the
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surface transverse relaxation time, ms; T,p is the transverse
relaxation time caused by fluid diffusion in the magnetic field
gradient, ms.

Due to the significant interaction between fluids and the surface
of the rock within dense cores, the bulk relaxation time (T,) is
considerably greater than the relaxation time (T,). Additionally,
because the echo time (Tp) is relatively small, the diffusion
relaxation time (T,p) also greatly exceeds T,. Consequently, these
two terms can be disregarded, allowing the relaxation time to be
expressed as follows (Equations 2-4):

1
T,=Ty= P—6r= Cr (2)
6=‘§/r 3)
1
c=L 4
s @)

Where p is the relaxation strength constant of the rock surface;
4 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.

From Equation 2, it is evident that the relaxation time (T,) is
directly proportional to the pore radius of the rock, meaning that
larger pores correspond to longer relaxation times, while smaller
pores are associated with shorter relaxation times. After obtaining
the conversion factor (C), the T, spectrum's horizontal axis can be
translated into pore radius, thereby allowing the T2 spectrum to
effectively reflect the distribution of pore sizes within tight sandstone
reservoirs.

By calibrating the T, curve obtained from NMR scanning of
the saturated core with mercury intrusion experiments, we can
derive the pore size conversion factor (C), enabling the translation
of the relaxation time on the original T, spectrum into pore
throat radius. Following the approach proposed by Li etal., we
accumulate the intensity of hydrogen signals from kerosene (oil
phase) to generate a cumulative distribution map of the hydrogen
signal strength in the core. Based on the T, spectrum of the
core used in the experiments, pore throats are categorized into
three distinct groups: small pore throats (0.01 um < # < 0.1 pm),
medium pore throats (0.1 um < r < 0.5 um), and large pore throats
(r > 0.5 um).

During the experimental process, the simulated water
used for saturation was a composite deuterium oxide, and
the NMR monitoring system was only capable of detecting
the hydrogen signal from kerosene (oil phase). Consequently,
the nuclear magnetic resonance signals obtained throughout
the displacement experiment solely reflect changes in the oil.
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FIGURE 2
Final oil recovery efficiency from NMR-derived oil signal areas after
displacement under different advanced water injection volume,
conventional waterflood (V. = 0 PV), AFWI with V. = 0.3 PV, and
AFWI with V. = 0.6 PV.

The formula for calculating oil recovery efficiency is shown in
Equation 5:
0

Ag-A,
=01 % 100%
A()

E= (5)

Where E is the oil recovery efficiency, %; A, is the area enclosed
by the T, spectrum and the horizontal axis over a specific pore
radius range after saturation, cm?; A, is the area enclosed by the T',
spectrum and the horizontal axis over a specific pore radius range
after displacement, cm?.

2.4 Experimental results analysis

A comparison of the results of three groups of different-
scale advanced fracturing-flooding water injection experiments
shows that the initial displacement pressure differentials at the
onset of waterflooding were recorded as 6.34 MPa, 7.56 MPa,
and 8.45 MPa, respectively. This indicates that the advanced
fracturing-flooding water injection significantly enhances the
displacement pressure differential compared to conventional
water injection. As the injection scale increases, the pressure
gradient becomes greater, thereby facilitating the establishment
of an effective displacement pressure system between the oil
and water wells.

Figure 2 depicts the final oil recovery efficiencies after the
displacement was completed in the three experimental groups.
The ultimate oil recovery efficiencies for the three experiments
were recorded at 35.5%, 40.5%, and 43.5%, respectively. These
results demonstrate that, compared to conventional water injection,
AFWI enhances oil recovery efficiency by 5%. Furthermore,
increasing the scale of AFWI further augments the oil recovery
efficiency.

The comparative results of the kerosene (oil phase) signal
intensity along the core at the conclusion of the advanced
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fracturing-flooding ~ water are
illustrated in Figure 3. This method enables the utilization of the
oil phase at the injection end of the core. For the 0.3 PV advanced
fracturing-flooding water injection, the advancement distance of

the waterflood front was measured at 1.5 cm, while for the 0.6 PV

injection experiment

advanced fracturing-flooding water injection, the advancement
distance reached 2.6 cm. As the scale of the advanced fracturing-
flooding water injection increases, the extent of utilization at the
injection end of the core also intensifies, resulting in an expanded
advancement distance of the waterflood front.

The comparative results of the kerosene (oil phase) signal
intensity along the core at the conclusion of the waterflood
displacement following the advanced fracturing-flooding water
injection are illustrated in Figure 4. During the pre-injection phase,
a certain displacement pressure differential and pressure gradient
were established, allowing the fluid within the core to be “activated
in advance” The subsequent continuous water injection further
established the displacement pressure differential, facilitating the
extraction of this prematurely mobilized fluid. Upon the completion
of the displacement, advanced fracturing-flooding water injection
exhibited a superior ability to utilize the throat of the core at
the injection end. Overall, advanced fracturing-flooding water
injection demonstrates a greater extent of utilization compared to
synchronous water injection; consequently, increasing the scale of
advanced fracturing-flooding water injection can further enhance
the utilization of the oil phase within the core.

Nuclear magnetic resonance (NMR) scans of the core were
conducted after initial saturation, at the conclusion of synchronous
water displacement, and after advanced fracturing-flooding water
injection of 0.3 PV and 0.6 PV, yielding the corresponding T,
spectra. These spectra were then transformed into probability
distribution curves of the oil phase within pores of varying radii,
as depicted in Figure 5. Upon completion of the displacement,
the hydrogen signal intensity of kerosene (oil phase) in the
small pore throats experienced a modest decline, while the
signal intensity in the large pore throats exhibited a significant
reduction. Moreover, as the volume of advanced fracturing-flooding
water injection increased, the utilization extent within the core
correspondingly intensified. Based on the T, spectra from the
experimental cores, pore throat radii were categorized as small,
medium and large.

Figure 6 illustrates the extent to which different pore
throats in the core are mobilized after the completion of
displacement following advanced fracturing-flooding water
injection. Synchronous water injection primarily mobilizes large
pore throats along with a portion of small pore throats. In contrast,
advanced fracturing-flooding water injection not only primarily
mobilizes large pore throats but also enhances the utilization
extent of small pore throats. Both 0.3 PV and 0.6 PV g advanced
fracturing-flooding water injection effectively mobilize pore throats
of various sizes, predominantly focusing on large throats. However,
as the volume of advanced fracturing-flooding water injection
increases, the utilization extent of small pore throats also rises. This
phenomenon is largely attributed to the fact that a greater volume of
advanced fracturing-flooding water injection generates an increased
displacement pressure differential and pressure gradient, thereby
facilitating the further utilization of the oil phase within the small
pore throats.
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FIGURE 3
Comparison of kerosene (oil phase) signal intensity along the core at the end of pre-injection.
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FIGURE 4
Comparison of kerosene (oil phase) signal intensity along the core at the end of displacement.

3 Pore-scale numerical simulation

advanced fracturing-flooding water injection for tight oil reservoirs
from a microscopic perspective.

A comparative analysis between traditional water injection
experiments and advanced fracturing-flooding water injection core . .
experiments revealed that the advanced fracturing-flooding water 3.1 Model establishment and assumptions
injection elevated the pressure at the inlet section of the core. o
This phenomenon elucidated the mechanism by which advanced The mf)del underwenta blnarlz.atlon process through thres.hold

segmentation of the scanned image of the cast specimen
(Figure 7a), followed by the application of MATLAB code to

smooth the boundaries and eliminate noise, resulting in the pore

fracturing-flooding water injection enhances oil recovery efficiency
and the characteristics of pore throat utilization at the core scale. This

section will utilize the commercial simulation software COMSOL  throat structure distribution portrayed in Figure 7b. The model

Multiphysics to conduct micro-simulations at the pore throat scale,
further elaborating on the characteristics of pore throat utilization in

Frontiers in Earth Science

dimensions were 30 um X 30 um. Subsequently, the obtained
point-line formatted image was imported into COMSOL software,
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Distribution curves of oil phase in pores with different radii at the end of displacement.
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FIGURE 6

Different pore throat producing degree of core at the end of displacement after pre-injection.

where the geometric model was subjected to mesh partitioning using
Delaunay's free triangular meshing, yielding the model displayed in
Figure 7c with a total of 105,624 elements and a minimum element
mass of 0.1169. The initial fluid distribution within the model is
depicted in Figure 7d, where blue represents the aqueous phase and
red represents the oil phase. The simulation parameters of the model
are shown in Table 3.

The pore-scale numerical model is based on the following
assumptions.

o The whole simulation process encompasses solely the two
phases of oil and water.

Frontiers in Earth Science

o Both the oil and water
incompressible fluids.

o The system is maintained under isothermal conditions, with
no temperature changes resulting from the injection of water.

o The flow process is a two-dimensional horizontal flow,
ignoring the effect of gravity.

phases are regarded as

3.2 Governing equations
In this simulation, the phase-field method was employed to

couple the Cahn-Hilliard equation with the Navier-Stokes equations
via surface tension. This approach allows for an accurate description
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FIGURE 7

10.3389/feart.2025.1730752

(d)

Pore-scale model construction and meshing. (a) SEM image of tight sandstone. (b) Binarized image after thresholding and boundary smoothing.
(c) Delaunay free-triangle mesh. (d) Initial oil (red)-water (blue) distribution for CH-NS simulation.

TABLE 3 Main computational parameters of the model.

Water and oil viscosity 1,2.5 mPa-s
Water and oil density 1,000,850 Kg/m3
Oil-water interfacial tension 25 mN/m
Contact angle 60 °
Inlet velocity 100 um/s
Interface thickness 0.1 pum
Mobility 1 M:s/kg

of the fluid flow processes of two-phase fluids while ensuring mass
conservation. The Cahn-Hilliard equation primarily describes the
phase separation process, which includes the separation of two-
phase or multiphase fluids, expressed as follows (Equation 6):

e10) yA
—+u-Vop==A
or THVe= gty (6)
y=-eAp+9(p’-1)
Frontiers in Earth Science
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Where u is the fluid flow velocity, m/s; y is the mobility, m*-s/kg;
A is the mixed energy density, N; ¢ is the interfacial thickness, m;
v is the phase field auxiliary variable; ¢ is the dimensionless phase
field variable. In the oil-water two-phase flow, ¢ = 1 represents
the oil phase, and ¢ = 1 represents the water phase. In the oil-
water transition region, the phase field variable ¢ varies continuously
between 1 and 1. The fluid properties corresponding to the phase-
field variable can be expressed as follows (Equation 7):

1+¢
2

I-¢
2

n(p)

@)

n +

1y

Where n, and n, are the physical properties of the oil and water
phases, thereby achieving a smooth transition of fluid properties at
the interface.

The Navier-Stokes equations are primarily employed to delineate
the variations of mass and momentum in steady-state fluid flow.
By incorporating interfacial tension as a body force within the
Navier-Stokes equations, it becomes possible to characterize the
flow processes of two-phase fluids. The corresponding expression is
as follows (Equation 8):

u
Pt
V-u=0

+pu-Vu=-VpI+V - [pu(Vu+Vu')|+F, )
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Where p is the density, kg/s’; p is the pressure, Pa; I is the
unit vector; y is the viscosity, mPa-s; F,, is the interfacial tension
force term.

Combined with the Cahn-Hilliard equation, a two-phase Cahn-
Hilliard-Navier-Stokes flow system can be obtained as Equation 9.

yA

)
(P+u-V<p:—2Aq/
€

ot

=-e?Ap+o(p* -1
Wa p+o(p”-1) ©)
pa—btl +pu-Vu=-Vpl+V- [y(Vu + VuT)] +Fy

V-u=0

For the surface of rock particles, the boundary conditions
considering the contact angle of oil and water are shown in
Equations 10-12 (Yue et al., 2006; Zhou et al., 2010):

u=0 (10)
m- V9= ¢ cos(6,)|V9) (11)
yA

Where 6. is the contact angle, °.

COMSOL Multiphysics is a powerful software tool for multi-
physics simulation. This software is used to mesh and solve the
finite element problem. The backward difference method is used
to discretize time, and the MUMPS direct solver is used to solve
the problem. The utilization characteristics of pore throats during
advanced fracturing-flooding water injection at various scales are
simulated.

3.3 Model validation

To validate the applicability of the phase field method in
simulating oil-water two-phase flow, a simulation was conducted
using this approach on a horizontal channel measuring 1 pm x
10 pum, following the validation methodology proposed by
Wang etal. (Wang et al., 2024). The channel was initially filled
with oil, while the water phase entered from the left side. The
model disregarded the effects of gravity and inertial forces.
The simulation results were then compared with the theoretical
equations put forth (Equation 13) by Lucas (Lucas, 1918)
and Washburn (Washburn, 1921).

(1) = 70 COS 0t
V 2p

Where p is the viscosity of the wetting liquid, Pa-s; 8 is the contact

(13)

angle, % r is the tube radius, m; o is the surface tension of the wetting
liquid, N/m.

The comparative results are illustrated in Figure 8, where the
viscosities of oil and water were set at 0.005 Pa's and 0.001 Pa s,
respectively, and the contact angle was established at 60°. The
simulation results align closely with the calculated outcomes of the
theoretical equations, thereby verifying that the phase field method
can accurately model the migration behavior of oil and water at
pore-throat scales.
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FIGURE 8
Lucas—Washburn validation: penetration distance versus sqrt(time) for

a 1 um X 10 um channel initially filled with oil, water entering from the
left. Simulation (CH-NS) matches the theoretical Lucas—Washburn
relation using pg; = 0.005 Pa's, W, er = 0.001 Pa's, 6 = 60°.

3.4 Simulation results analysis

Based on the established simulation plan, micro-simulations of
advanced fracturing-flooding water injection at varying scales have
been completed, resulting in pressure fields of different scales of
advanced injection, as depicted in Figure 9. As the scale of pre-
injection increases, the pressure at the inlet gradually rises, which
is consistent with the findings from the core experiments.

Figure 10 illustrates the oil saturation fields for different
scales of advanced fracturing-flooding water injection. Due to the
relatively small pressure gradient at both ends of conventional water
injection, in Figure 10a, the injected water primarily displaces crude
oil along the main flow path, mainly mobilizing the oil within
larger pore throats, while the crude oil trapped in the smaller
throats remains largely inaccessible, resulting in a high residual oil
saturation and a low overall recovery rate. However, as the scale of
advanced fracturing-flooding water injection increases, the pressure
gradient at both the injection and production ends progressively
intensifies. In Figures 10b,c, the crude oil in smaller pore throats
becomes mobilized, leading to a gradual decrease in residual oil
saturation, an expanded range of water displacement, and an overall
enhancement in recovery efficiency.

Figure 11 depicts the streamline fields of pore throats at varying
scales of advanced fracturing-flooding water injection. In contrast
to the oil saturation fields, it is evident that during conventional
water injection, the main streamlines are primarily distributed
along the larger pore throats, forming dominant pathways, while
the number of streamlines within the smaller throats is nearly
nonexistent. Consequently, with a relatively low pressure gradient,
the utilization predominantly occurs within the larger throats,
rendering the smaller throats largely ineffective. However, as the
scale of advanced fracturing-flooding water injection increases, the
pressure gradient is gradually amplified, resulting in an increase in
the number of streamlines within the smaller pores. The enhanced
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Oil saturation field simulation results of different pre-injection scales (Red indicates kerosene saturation; blue indicates water saturation).
(a) Conventional injection. (b) 0.3 PV of advanced injection. (c) 0.6 PV of advanced injection

pressure differentials enable both large and small pore throats
to be mobilized, leading to an overall increase in the degree of
utilization (Figure 12).

4 Discussion

AFWI pre-injection at near-fracture pressures, followed
by continuous waterflooding, elevates Ap and deepens front
penetration. We interpret waterflood performance using three
metrics: initial displacement pressure differential (Ap), front
advancement distance, and pore-size-resolved recovery from NMR.
Under conventional waterflood (no pre-injection), Ap is limited
and the front advances primarily along larger pathways, leaving
kerosene stranded in small throats. AFWI increases Ap (6.34 >
7.56 > 8.45 MPa with V_. = 0 > 0.3 > 0.6 PV), extends the front

pre

(1.5 cm and 2.6 cm for V. = 0.3 and 0.6 PV), and raises ultimate
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recovery (35.5% > 40.5% > 43.5%). These trends are consistent
with capillary-controlled displacement at low Ca, where elevated
pressure gradients are required to overcome local entry pressures in
tight constrictions.

The steeper gradient desaturates constricted throats and
opens pathways, evidenced by denser small-throat streamlines in
simulations and reduced LE-NMR oil signals in small and medium
pore bins. To mechanistically resolve the core observations, we
performed pore-throat phase-field FE simulations coupled to LF-
NMR flooding via harmonized boundary conditions. For V.. = 0,
0.3, and 0.6 PV, the inlet-outlet Ap recorded during pre-injection
(producers closed) and subsequent waterflooding (producers open)
specified the simulation inputs. The inlet was prescribed as a velocity
boundary to reproduce the Ap trajectory, while the outlet matched
the back-pressure settings, yielding pressure fields that captured
gradient steepening without spurious inertia. Fluid properties and
wettability (density, viscosity, interfacial tension, contact angle)
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FIGURE 11

Streamline field simulation results of different pre-injection scales (Streamlines illustrate flow pathways through pore throats). (a) Conventional
injection. (b) 0.3 PV of advanced injection. (c) 0.6 PV of advanced injection.
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FIGURE 12
Degree of pore throat utilization under different advanced water

injection volume.

were matched to produce capillary numbers representative of
tight rocks. Using SEM-derived geometries that preserve throat-
size statistics, we computed streamline density, local velocities,
and oil-saturation changes, delineating small-throat domains via
raised streamline
counts and lowered residual oil in these domains, mirroring LF-

curvature/contraction metrics. Increasing V.
NMR observations in small and medium pore bins. Overall,
larger pre-injection volumes steepened the gradient, activated
quiescent pathways, and reduced residual saturation, consistent
with recovery gains.

Consistent reports across tight sandstones and shales
(Farouk et al., 2025a; Farouk et al. 2025b; Farouk et al. 2024) show
that pressure-managed modes improve sweep and mobilize oil from
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small throats, with gains contingent on lithology, pore architecture,
and wettability. Differences in mineralogy, cement, and throat-
size distributions will tune optimal AFWI parameters; formations
rich in small throats may require higher, tightly controlled pre-
injection or wettability adjustment. Limitations include three cores
and 2D SEM-derived simulations that omit full 3D connectivity and
spatial wettability variability. Future work should expand core sets,
employ micro-CT reconstructions, probe sensitivities to wettability,
interfacial tension, and rate, and couple microfracture generation
with pore-scale flow; field pilots calibrated by NMR pore-size
distributions will refine operational envelopes.

5 Conclusion

This study investigates the utilization characteristics of
microscopic pore throats during advanced fracturing-flooding
water injection through core displacement experiments and micro-
simulations at various scales. The following conclusions have been
drawn:

1. In comparison to conventional waterflood development,
advanced fracturing-flooding water injection enhances the
injection end pressure prior to the development phase,
elevating the pressure gradient at both the injection and
production ends and facilitating the early utilization of crude
oil at the inlet.

Advanced fracturing-flooding water injection increases the
utilization of crude oil within medium to small pore throats,
and as the scale of advanced fracturing-flooding water
injection expands, the elevation in pressure, the propagation
distance of pressure, and the advancement distance of the
water displacement front also increase correspondingly.

With the escalation of the pressure gradient, the number of
streamlines in medium to small pore throats progressively
rises. Under low pressure gradients, utilization predominantly

frontiersin.org


https://doi.org/10.3389/feart.2025.1730752
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Shi et al.

occurs in larger pore throats, making it challenging to access
smaller ones. However, as the pressure gradient intensifies,
significant pressure differentials enable both large and small
pores to be mobilized, resulting in a high degree of utilization.
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