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ABSTRACT

Spontaneous imbibition is the process in which the wetting phase displaces a non-wetting phase under
the action of capillary forces. However, variations in interfacial properties, imbibition directions, and
fractures result in different imbibition modes, posing challenges to a comprehensive understanding of
the process. In this study, microfluidic chips representing matrix and fracture-matrix systems were
designed. Imbibition agents with varied interfacial properties were selected to conduct experiments
under counter-current and co-current conditions. A flow factor (y), related to fracture geometry and
imbibition direction, was defined and used together with the microscopic capillary number (Camjcro) to
characterize the imbibition process. Three distinct imbibition modes were observed for different Camjcro
and y, clearly separated by y-Camicro boundaries. During co-current imbibition, an unusual capillary-
driven displacement process was observed, leading to fingering in the fracture-matrix model and
leaving a large area of macroscale remaining oil. Smaller Cam;cro and fracture development will facilitate
this process. In addition, various forms of microscale remaining oil, caused by bypass flow snap-off and
Saffman-Taylor instability/Rayleigh-Taylor instability, were also observed across different imbibition
processes. This study elucidates the imbibition mechanisms under the combined influence of capillary
and viscous forces, providing deeper insights into the imbibition process in porous media.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

complex flow modes. These modes significantly influence the
distribution of remaining oil, often resulting in low recovery factor

Two-phase flow in porous media is common in natural pro-
cesses such as oil recovery (Aliabadian et al., 2022; Taman et al.,
2025), carbon dioxide sequestration (Singh et al., 2023; Yu et al,,
2025), and groundwater seepage (Wang et al., 2024; Yang et al.,
2022). A typical case is the spontaneous imbibition, where the
wetting phase replaces the non-wetting phase under the com-
bined action of capillary and viscous forces (Malenica et al., 2024;
Zhang et al., 2025). The imbibition process, affected by two-phase
interface properties, imbibition direction, and fracture, exhibits
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(Cai et al., 2022; Shoukry et al., 2023; Yadali Jamaloei et al., 2010).
Understanding the controlling factors and formation mechanisms
of imbibition is essential for interpreting pore-scale two-phase
flow and enhance oil recovery (Ghodsi and Rasaei, 2025;
Seetharaman et al., 2025; Zhang and Wang, 2022).

Research on pore-scale imbibition mainly involves numerical
simulations and experiments (Cheng et al., 2023; Niu et al., 2022;
Yu et al., 2021; Zhong et al., 2025). However, the accuracy of nu-
merical simulations is often questioned, particularly when sur-
factants are involved, as they alter oil-water interfacial properties
and increase model complexity (Chen et al., 2023). With the
advancement of imaging and monitoring techniques, many
experimental studies have been conducted on the pore-scale
imbibition process (Li et al., 2014; Park et al., 2025). Du et al.
(2024) developed an online physical simulation method

1995-8226/© 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-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:zheyu.liu@cup.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2025.09.043&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2025.09.043
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
https://doi.org/10.1016/j.petsci.2025.09.043

J-X. Cao, Y.-Q. Li, Y.-L. Zhang et al.

combining nuclear magnetic resonance (NMR) and fractal theory,
dividing displacement-imbibition coupling into three production
stages. Lu et al. (2022) analyzed the effects of mineral content and
fractures on coal imbibition using in situ dynamic micro-CT im-
aging, identifying four distinct stages. Liu et al. (2024) investigated
microscopic imbibition and formation plugging mechanisms in
tight reservoirs based on scanning electron microscopy (SEM) and
nuclear magnetic resonance (NMR). These studies reveal a
contradiction between resolution and field of view. Moreover,
most methods rely on inversion techniques, which are costly and
offer limited visual clarity.

Microfluidic technology has been increasingly applied in the oil
industry due to its real-time monitoring, repeatability, and low cost
(Gang et al.,, 2025; Jamieson et al., 2019). Tliba et al. (2025) com-
bined core experiments and microfluidic to show how nanofluids
enhance recovery by reducing interfacial tension (IFT), altering
wettability, and forming stable oil-in-water emulsions. Lv et al.
(2025) established a micro-nano scale natural pore structure chip
and found that enhanced imbibition promotes fracturing fluid
diffusion into matrix pores, increasing imbibition efficiency by 3%-
6%. Mahmoudzadeh et al. (2022) highlighted the role of micro-
emulsion formation and elastic oil-water interfaces in spontaneous
imbibition within fractured porous media. Charpentier et al. (2018)
highlighted the significance of Laplace pressure and viscosity in
fluid fracture behavior within asymmetric Y-junctions. However,
most studies use models of very limited scale, restricting in-
vestigations of large-scale sweep efficiency, imbibition modes, and
remaining oil patterns. Large-scale microfluidic experiments are
thus needed to link pore-scale mechanisms with macroscale flow
behavior.

The balance among capillary force, viscous force, interfacial
tension, and gravity determines the flow characteristics of pore-
scale imbibition, resulting in phenomena such as stable imbibi-
tion, capillary fingering, and viscous fingering (Cardona and
Santamarina, 2023; Chen et al., 2023; Hu et al., 2018; Lenormand
et al,, 1988). Cardona and Santamarina (2023) defined different
imbibition modes based on the dimensionless ratio between
advection-dominant flow and capillary-driven matrix imbibition
in fractures using fluorescence microscopy and microfluidics. Sun
et al. (2022) used a T-shaped microfluidic model to study the
interplay among fluid velocity, interfacial tension, and viscosity,
analyzing the tensile and fracture behavior of crude oil tran-
sitioning from throat to pore in the presence of active nanofluids.
Lei et al. (2023) revealed that strong depth confinement inhibits
unstable interfacial behavior and incomplete imbibition modes by
analyzing capillary numbers and depth variation factors. Odier
et al. (2017) combined high-resolution imaging and confocal mi-
croscopy to demonstrate that two liquid-entrainment transitions
and Rayleigh-Plateau instabilities govern four pore-scale imbibi-
tion scenarios. Holtzman and Segre (2015) studied the effect of
wettability on the immiscible displacement of viscous fluids in
disordered porous media, showing that increasing the wettability
of the invading fluid promotes cooperative pore filling and stabi-
lizes invasion, further deriving two dimensionless numbers to
predict displacement modes. The use of surfactants further com-
plicates interfacial mechanics, affecting the balance of driving and
resisting forces and thus imbibition efficiency (Suetrong et al.,
2024; Sukee et al., 2022a; Tangparitkul et al., 2023). Tangparitkul
et al. (2024) demonstrated a distinct difference between surfac-
tants and nanofluids in capillary-driven oil recovery, challenging
the assumption that nanofluid-induced interfacial tension reduc-
tion is the primary mechanism for EOR. Akamine et al. (2024)
found that the interfacial properties of nanofluids at different
concentrations vary significantly, leading to different mechanisms
of remaining oil formation at different pore scales and thus

Petroleum Science 23 (2026) 928-938

affecting the final imbibition efficiency. Sukee et al. (2022a)
believed that a water-wet system requires a larger interfacial
tension to increase the imbibition driving force, while an oil-wet
system requires a smaller interfacial tension to reduce the imbi-
bition resistance. Nevertheless, experimental studies focusing on
the role of surfactants under different imbibition conditions
remain limited, and the integrated analysis of macroscale imbi-
bition modes and pore-scale mechanisms is still lacking.

To address these issues, this study designed microfluidic chips
simulating both matrix and fracture-matrix systems. The effects of
two-phase interface properties, fracture development degree, and
imbibition direction were systematically investigated. Differences
in imbibition modes under varying conditions were analyzed us-
ing microscopic capillary number (Camjcro), and the formation
mechanisms of remaining oil were explored through quantitative
pore-scale analysis, providing new insights into the spontaneous
imbibition process in porous media.

2. Materials and experimental method
2.1. Experimental fluids

The oil used in this study is crude oil from oilfield, with a vis-
cosity of 13.7 mPa-s and a density of 0.817 g/cm® at 25 °C. The
synthetic water has a total dissolved solids (TDS) concentration of
112,767 mg/L, and its ionic composition is listed in Table 1. The
experimental agents include analytically pure sodium a-olefin
sulfonate (AOS, C3H5SO3Na, from Merck KGaA, China), sodium
fatty alcohol ether sulfate (AES, Cqi3H25(0CyH4),0SOsNa, from
Chron Chemicals, China), sodium dodecyl sulfate (SDS,
C12H250S03Na, from Aladdin, China), and n-butanol (C4HgOH,
from Macklin, China).

To analyze the influence of interfacial properties on the imbibi-
tion effect, five agents were prepared. (1) Simulated formation
water (SFW) served as the control group. (2) AES, AOS, and SDS
solutions were surfactant solutions with mass fraction of 0.5% in
SFW. (3) Microemulsion system was a surfactant solution that can
form in-situ microemulsion, composed of 5% AOS and 8% n-butanol.

2.2. Microfluidic experimental setup

The experimental setup consists of two main components: the
experimental and acquisition modules (Fig. 1(a)). The experi-
mental module includes a Harvard PhD ultra-symphony pump, a
SEENO LED surface light source for illumination, a beaker for waste
collection, and a microscopic glass model. The acquisition module
includes a Sony A7M4 camera with an FE 90 mm f/2.8 macro lens
for image recording and a computer for image storage and anal-
ysis. Two types of microfluidic chips were used in this experiment:
matrix and fracture-matrix. Taking the matrix chip as an example,
the model measures 97 mm in length and 37 mm in width. The
chip structure is formed by repeating a basic unit, with a minimum
pore radius of 22.35 um, a maximum pore radius of 911 um, and an
average pore radius of 240 pm. Please refer to Table 2 for detailed
model parameters. It is worth noting that the model used in this
study has an overall size of 97,000 pm x 37,000 pm. During im-
aging, the pixel resolution is 7509 x 2856 in the horizontal and
vertical directions, respectively, resulting in a pixel size of 12.9365

Table 1

Ionic composition of synthetic water.

lon K"+ Nat Gt Mg* S0% HCO3
Concentration, mg/L 41612 1619 432 65710 2545 849




J-X. Cao, Y.-Q. Li, Y.-L. Zhang et al.

Petroleum Science 23 (2026) 928-938

(a) (b) 37 mm 4 P 37 mm 5
A LR e AT TR e
. :
S ©
| IS8
c IS 9mm
Image acquisition system \ £ 3 : € 14
|5 5 < ® Matrix
Injection pump \ \/ s 12 = Fracture-matrix
Fracture _§ 10
width = 1 mm ‘8-_ 8
S s
Matrix Fracture—matrix 9?’_ 4
(o]
westouatank  LLLLLELILLL .
Surface light source === 22 119 228 350 483 628 786 955
cl Pore radius, pm

Fig. 1. The schematic diagram of micromodel imbibition.

Table 2
Parameters of matrix and fracture-matrix models.

Model Porosity, % Length, Width, Average pore
mm mm radius, pm

Matrix model 55 97 37 240

Fracture-matrix model 60 97 37 305

pum/pixel. This resolution corresponds to 1/37 of the average pore
radius, which is sufficient for accurate image-based analysis.

A diversion channel is located at one end of the model to facil-
itate the circulation of the imbibition agent. The fracture-matrix
chip contains two non-penetrating fractures based on the matrix
chip. The pore radius distributions of both types of chips are shown
in Fig. 1(b). Experiments under co-current and counter-current
conditions were conducted. As shown in Fig. 1(b), during co-
current imbibition, the agent is injected through port A and pro-
duced from ports B and C. Counter-current imbibition occurs when
port C is closed. When the micromodel is undergoing co-current
imbibition on the macroscopic scale, localized counter-current
imbibition may occur simultaneously.

2.3. Experimental procedure and scheme

During the experiment, the microfluidic chip was first saturated
with crude oil, and then the imbibition agent was continuously
injected into the diversion channel at a rate of 2 pL/min. The
experiment was conducted at 26 °C and standard atmospheric
pressure and terminated when the oil-water distribution no longer
changed. To record the imbibition process, images were captured
every 30 s. In this study, two types of chips, matrix and
fracture-matrix, were used to conduct experiments with five agents
under both counter-current and co-current conditions. A total of 20
sets of experiments were conducted. All experiments were repeated
twice. If the difference in recovery factor between the two experi-
ments was less than 10%, the experimental results are considered
valid. Otherwise, a third set of experiments will be added.

2.4. Image analysis

To gain deeper insights into the imbibition process, this study
evaluated imbibition efficiency and pore-throat utilization char-
acteristics. The relevant methods are described in our previous
research (Cao et al., 2024, 2025; Gao et al., 2021).

930

2.5. Oil-water-rock interface property testing

2.5.1. Solubilization capacity

The oil-water solubilization capacity of the 5% AOS system was
evaluated according to Southwick's oil-water phase behavior test
method (Southwick et al., 2020). The procedure was as follows:
4 mL of surfactant solution was added to a test tube, followed by
4 mL of crude oil. After sealing, the test tube was shaken thor-
oughly and left to stand for two days, with shaking once daily.
After two days, when oil and water reached equilibrium, the phase
type and phase volume were recorded. The solubilization capacity
was determined by calculating SPx using the following equation
(Huh, 1983).

Vx
SPy=—~

X Vs
where SPy is the amount of solubilized oil, dimensionless; Vy is the
volume of oil entering the microemulsion, mL; Vs is the volume of
surfactant, mL.

252, IFT

The interfacial tension (IFT) between crude oil and imbibition
agents was measured using a TX-500C IFT meter (CNG Corpora-
tion, USA) at 5000 rpm. The IFT of the 5% AOS system was calcu-
lated using the Chun Huh equation based on the oil-water
solubilization capacity SPx of the middle-phase microemulsion
(Spildo et al., 2014).

_ <
SP%

o

where ¢ is the IFT, mN/m; C is a constant, dimensionless, usually
taken as 0.3.

2.5.3. Contact angle

The contact angle was measured using a Theta Flex optical
tensiometer (Biolin Scientific, Sweden).
3. Result analysis

3.1. Interfacial properties of surfactants

The IFT between SFW and crude oil was 13.41 mN/m. The four
surfactant systems reduced the IFT by over 85%, with AOS
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Fig. 2. Measurement results of properties of imbibition agents. (a) IFT and contact angle of different imbibition agents. (b) 5% AOS oil water solubilization capacity.

exhibiting the greatest reduction effect. When immersed in crude
oil, the contact angle of the glass was 73°, indicating weak water-
wet conditions. All four imbibition agents improved the wetta-
bility of the glass surface. The solubilization capacity SPx of the 5%
AOS system was 1, and the calculated IFT was 0.3 mN/m (Fig. 2).

3.2. Effect of different factors on imbibition efficiency

3.2.1. Oil-water interfacial properties

Fig. 3(a) presents the imbibition efficiency curves of different
agents under counter-current imbibition in the matrix model.
Among the five agents, 5% AOS exhibited the highest efficiency
(0.54), while SFW showed the lowest (0.11). The efficiency ranking
was: 5% AOS > 0.5% AOS > 0.5% AES > 0.5% SDS > SFW. The
imbibition process consists of three main stages: capillary start-
up, blocking equilibrium, and saturation equilibrium. During the
capillary start-up stage, capillary forces drive the imbibition agent
into small pore throats, displacing oil from larger pores and
causing a rapid rise in efficiency. During the blocking equilibrium
stage, capillary force weakens as the agent advances, while the
complex oil-water distribution increases flow resistance. These
forces reach a near balance, resulting in a slow efficiency increase
over an extended period. Agents with lower IFT and greater
wettability enhancement achieve higher imbibition efficiency at
this stage. At the saturation equilibrium stage, pores near the
diversion channel reach a remaining oil state, and driving forces
balance resistance, causing imbibition efficiency to stabilize.
However, the 5% AOS system, due to its solubilization capability,
can further enhance efficiency by forming microemulsions. The
results also showed that higher IFT shortened the time to reach
stable imbibition efficiency.

Fig. 3(b) plots the final efficiency of pores with different sizes.
Unlike displacement processes, which tend to sweep macropores,
the imbibition process uniformly sweeps pores of all sizes. The
observed fluctuation in macropores and fractures results from the
sparse development of such structures in the matrix model.
Compared with the 0.5% AOS system, the 5% AOS system signifi-
cantly improved the imbibition efficiency of mesopores, contrib-
uting to its higher overall efficiency.

In pore-scale two-phase flow, the definition of the capillary
number (Ca), describing the balance between viscous and capillary

forces and predicting non-wetting phase mobilization, was
employed. Ca only considers the influence of interfacial tension, in
fact, capillary force is the main factor determining imbibition,
therefore both the microscopic capillary number (Camjcro) and the
macroscopic capillary number (Camacro) Were employed in this
study (Armstrong et al., 2014; Hilfer et al., 2015; Lei et al., 2023).

NagentV

Camicro =

Wagent¢VL
Ca =
macro ch

_ 20c0s(0)
¢ R

where 7agen is the viscosity of imbibition agent, nagens = 1 mPa-s; v
is the characteristic velocity of the crude oil phase, v=1 x 10" m/
s (Sukee et al., 2022b); o is the oil-agent IFT, N/m; ¢, L, k, and R are
the matrix porosity (dimensionless), length (m), permeability
(m?), and average pore size of the designed microfluidic model
(m); and @ is the contact angle between the oil, agent, and pore
surface, °. The permeability of the micromodel was calculated by
the Kozeny-Carman equation (Wu et al., 2023).

The results showed a strong positive correlation between
Camicro/Camacro and imbibition efficiency, following a logarithmic
relationship (Fig. 3(c)). By arranging the images captured at the
end of imbibition according to increasing Camijcro/Cmacro, @ S€ries
of images with increasing imbibition distances and efficiencies
were obtained (Fig. 3(d)). This indicates that during counter-
current imbibition, a higher Canicro generally corresponds to a
longer imbibition distance and higher efficiency.

3.2.2. Imbibition direction

During co-current imbibition, the efficiency was significantly
higher than that of counter-current imbibition, with an average
increase of 41% (Fig. 4(a)). In the co-current imbibition process, the
efficiency gradually increases logarithmically with rising Camjicro/
Camacro (Fig. 4(b)). Those process also consists of three stages. The
time required to reach half of the final efficiency indicates that,
although co-current imbibition achieves higher efficiency, it takes
longer to complete, and the process time increases as Camjcro
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increases (Fig. 4(b)). Pore throat mobilization in co-current imbi-
bition differs from that in counter-current imbibition. The results
indicate that co-current imbibition exhibits displacement-like
characteristics, with reduced small-pore mobilization and
enhanced large-pore mobilization (Fig. 4(c) and (d)).

To analyze this feature, a model was established as shown in
Fig. 5(a), where 0-6 represent throats of different sizes. In this
process, the agent initially flows along the diversion channel. In
the water wet model, under the influence of capillary forces, the
agent first enters the smaller throat (throat 1) and reaches throat 2
(Fig. 5(b)). During counter-current imbibition, the agent cannot
reach deeper throats (throats 3-6) and can only exit through throat
0, as indicated by the yellow arrow in Fig. 5(c). During co-current
imbibition, the agent can overcome the viscous force generated by
crude oil flow driven by capillary force to enter larger throat with
less resistance (throat 3), as indicated by the green arrow in Fig. 5
(d). This displacement effect under capillary force results in higher
efficiency in co-current imbibition and makes the pore throat
mobilization resemble that in displacement processes.

3.2.3. Fracture development degree

Fig. 6(a) shows the imbibition efficiency curves of the 5% AOS
and SFW systems during the counter-current imbibition process in
the matrix and fracture-matrix models. Fracture significantly en-
hances imbibition efficiency and expands the sweep area, as
shown in Fig. 6(b). Compared to the matrix model, imbibition ef-
ficiency increases by 0.21 and 0.14, respectively. The histogram of
pore throat imbibition efficiency in different models of the 5% AOS
system shows that oil in fractures undergoes comprehensive

Petroleum Science 23 (2026) 928-938

sweep during imbibition (Fig. 6(c) and (d)). Additionally, the
increased contact area between fractures and matrix pores
significantly improves imbibition efficiency in matrix pores due to
the expanded sweep area.

3.3. Transformation from complete to incomplete imbibition based
on microscopic capillary number

This study defines the flow factor y to analyze the characteristics
of the imbibition process. Specifically, the y values for the counter-
current and co-current imbibition in the matrix model are 1 and
2, respectively, while in the fracture-matrix model, they are 3 and 4
(Table 3). It is evident that as y increases, the boundary conditions
become more favorable for imbibition. A y—Camicro (Camacro) inter-
section diagram was plotted to illustrate the regularity of the
imbibition process. The results indicated that, under low y and
Camicro» incomplete imbibition with limited swept distance
occurred, whereas under high y and Capjcro, complete imbibition
covered the entire model. As Camjcro and y increased, the imbibition
distance gradually expanded (Fig. 7). A dividing line was observed
that separated incomplete imbibition from complete imbibition.

A transition zone between incomplete and complete imbibition
was identified (Fig. 8(a)). To quantitatively analyze the impact of
agent type and conditions on the imbibition mode, 2D semi-log plot
showing the imbibition distance under different Capjcro and y was
plotted by scattered data interpolation methods (Amidror, 2002).
Three distinct imbibition modes—complete, transition, and
incomplete—were identified by taking the full model (9.70 cm) and
half model (4.85 cm) imbibition distances as the boundaries (Fig. 8

Fig. 5. Capillary force displacement in co-current imbibition process.
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Fig. 6. Imbibition efficiency of matrix and fracture-matrix model. (a) Imbibition efficiency curves. (b) Oil water distribution at the end moment. (c¢) Pore throat imbibition ef-
ficiency of 5% AOS system in the matrix model. (d) Pore throat imbibition efficiency of 5% AOS system in the fracture-matrix model.

Table 3
Setting of experimental conditions for microfluidic.

Flow factor y Imbibition direction Fracture development degree

1 Counter-current Matrix
2 Co-current Matrix
3 Counter-current Fracture-matrix
4 Co-current Fracture-matrix

(b)). Both increasing Camicro and modifying imbibition conditions
significantly influenced mode transition. However, modifying con-
ditions was more effective in expanding the swept area.

3.4. Instability of imbibition process caused by viscous and
capillary forces

The instability in the oil-water displacement process results in
significant remaining oil, which can be categorized into two main
types: microscale and macroscale remaining oil.

3.4.1. Macroscale remaining oil

Macroscale remaining oil refers to the remaining oil distributed
throughout the entire model. This type of remaining oil results
from the displacement effect of capillary forces on crude oil and
commonly occurs during co-current imbibition (Fig. 10). During
co-current imbibition, the imbibing agent displaces along the blue
dotted lines. In Fig. 9(a) and (c), displacement effect of capillary
force can significantly improve the sweep efficiency along the blue
dotted lines. In Fig. 9(b) and (d), the displacement by capillary
forces causes viscous fingering due to Saffman-Taylor instability
(Tangparitkul et al., 2024), significantly reducing the sweep
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efficiency. At this stage, the imbibing agent flows along the yellow
and green dotted lines, gradually moving toward the inlet and
outlet driven by capillary forces. AES, SDS, and SFW with smaller
Camijcro are more likely to exhibit this behavior. That is, stronger
capillary forces or weaker viscous forces intensify instability
caused by capillary displacement. The development of fractures
increases model heterogeneity, intensifying this instability and
broadening the macroscale distribution of remaining oil. This
suggests that fractures may decrease imbibition efficiency under
specific conditions.

3.4.2. Microscale remaining oil

Microscale remaining oil can be classified into three main types
based on their formation mechanisms. The first type is cluster-like
remaining oil, shown in Fig. 10(a), formed by the Jamin effect
caused by pore structure heterogeneity and bypass flow (Li et al.,
2025) (Fig. 10(b) and (c)). The second type is droplet-like
remaining oil with a regular shape, shown in Fig. 10(d). This type
remaining oil forms when the wetting phase displaces the non-
wetting phase, causing the latter to break up due to strong wall
flow through pore throats of varying diameter (Lei et al., 2023).
Under the Jamin effect, oil droplets cannot pass through smaller
throats, leading to remaining oil formation. This type of residual oil
is often found in pore throats with large radius differences, such as
fractures (Fig. 10(e)—(h)). This snap-off process may be similar to
the Haines jump. The final type is film-like remaining oil, shown in
Fig. 10(i). Due to the high density and low viscosity of the imbi-
bition agent, it passes through the pore centers during the capil-
lary displacement process, leaving a large amount of oil on the
pore surfaces due to Saffman-Taylor (Saffman and Taylor, 1988;
Zhang et al., 2023) and Rayleigh-Taylor (Cabot and Cook, 2006;
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Kuranz et al., 2018) instabilities (Fig. 10(j) and (k)). This phenom- leads to the formation of the three types of microscale remaining
enon was observed only in the 5% AOS agent under co-current oil, controlling the complex oil-water distribution during the
imbibition. The combined effect of capillary and viscous forces imbibition process.
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Bypass flow

Snap-off

STI/RTI

Fig. 10. Three types of microscale remaining oil during imbibition. (a)-(c) Cluster-like remaining oil caused by bypass flow. (d)-(h) Droplet-like remaining oil caused by snap-off.
(i)-(k) Film-like remaining oil caused by Saffman-Taylor instability (STI) and Rayleigh-Taylor instability (RTI).

4. Conclusions (1) As Camicro increases, the imbibition efficiency and distance
increase logarithmically. Counter-current imbibition ex-

This study focuses on the imbibition process in microfluidic, hibits a uniform pore mobilization pattern, characterized by
analyzing the effects of two-phase interface properties, imbibition small pore suction and large pore discharge. During co-
direction, and fractures. Three imbibition modes and the origins of current imbibition, an unusual capillary force displace-
remaining oil were also discussed. The main conclusions are as ment phenomenon was observed, causing fingering along
follows. macropores, which is similar to displacement processes.
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Regardless of conditions, imbibition processes include three
stages: capillary start-up, blocking equilibrium, and satu-
ration equilibrium.

(2) Incomplete imbibition with limited sweep distance occurs
under conditions of low Camicro and y. In contrast, high
Camicro and y conditions lead to complete imbibition with
full sweep. A transition mode occurs between these two
modes. Two distinct Camjcro—y boundaries separate these
three modes.

(3) The remaining oil after imbibition can be categorized into
microscale and macroscale types. The viscous fingering
induced by capillary force displacement leads to the for-
mation of macroscale remaining oil, which is particularly
obvious in the co-current imbibition of fracture-matrix
model. Microscopic remaining oil is divided into three
types: cluster-like residual oil caused by bypass flow and
pore throat heterogeneity, droplet-like remaining oil caused
by snap-off due to pore throat radius differences, and film-
like remaining oil caused by Saffman-Taylor and
Rayleigh-Taylor instabilities arising from fluid property
differences.

Although this study provides a detailed analysis, several issues
remain unresolved. These include finding a quantitative parameter
to replace the flow factor, and determining the parameters that
controlled the critical formation conditions for the microscale
remaining oil.
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