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Abstract:
Although nanoparticle fluids outperform conventional surfactants in spontaneous imbibition
related oil recovery, the specific role of pore surface roughness remains elusive. This
study investigates the impact of fractal roughness on spontaneous imbibition-driven
displacement through microfluidic experiments, utilizing Koch-curve-based channels of
varying geometric complexity. By tracking main meniscus retreat and analyzing corner or
film flow, we quantitatively compare the oil recovery efficiency of nanoparticle fluid versus
surfactant solution. Experimental results demonstrate that nanoparticle fluid consistently
outperformed surfactant solution in oil recovery, with this advantage becoming more
pronounced as surface roughness increases. Visualization reveals that nanoparticles pro-
mote oil detachment by accelerating corner flow and facilitating wetting-film propagation
along rough walls. Based on these insights, a roughness-informed analytical framework
is developed to predict nanoparticle fluid enhanced recovery. This work provides pore-
scale insights and a theoretical framework for evaluating nanoparticle fluid-enhanced oil
recovery strategies in rough and heterogeneous unconventional reservoirs.

1. Introduction
Nanoparticle fluids (NFs) exhibit unique interfacial regula-

tion mechanisms during spontaneous imbibition (SI), leading
to significant improvements in both sweep efficiency and oil
displacement efficiency (Alvarez-Berrios et al., 2018; Nguele
et al., 2019; Yarveicy, 2023; Jing et al., 2025). SI plays a
critical role in enhanced oil recovery (EOR), particularly in
low-permeability unconventional reservoirs. In such systems,

external pressure gradients are limited, and fluid mobiliza-
tion is predominantly governed by capillary forces (Hu et
al., 2020; Tian et al., 2021; Zheng et al., 2024). Extensive
experimental and theoretical studies have demonstrated that
the interfacial dynamics of nanoparticle suspensions play a
key role in SI (Youssif et al., 2018; Tavakkoli et al., 2022).
Specifically, suspended nanoparticles can adsorb at fluid-solid
and fluid-fluid interfaces, thereby reducing interfacial tension
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and altering wettability (Kondiparty et al., 2011; Lim et
al., 2016; Lei et al., 2023; Furedi et al., 2024). In comparison,
surfactant flooding can also enhance oil mobilization through
interfacial tension reduction and wettability modification (Guo
et al., 2005; Belhaj et al., 2019). However, its overall EOR
performance is often inferior to that of nanoparticle fluid
systems (Ko and Huh, 2019; Sekoai et al., 2019; Yekeen et
al., 2019). Therefore, systematic comparisons between NFs
and surfactant solutions are essential. A deeper understanding
of the governing interfacial dynamics is also required to eluci-
date the mechanisms underlying the superior performance of
NFs (Robbins et al., 1991; Murshed and Nieto de Castro, 2011;
Anand et al., 2021).

The pore structure of reservoir rocks exhibits pronounced
geometric complexity, characterized by irregular pore shapes
and rough surfaces (Burstein, 2011; Panter et al., 2023; Wang
et al., 2023; Lei et al., 2024). Such geometric complexity
promotes the development of corner flow and thin-film flow.
The wetting phase spreads along pore corners and rough
walls, thereby facilitating oil detachment (Ruiz-Gutiérrez et
al., 2022; Zhao et al., 2022; Cardona and Santamarina, 2023).
However, these geometric features can also exert adverse
effects. Variations in surface roughness and curvature alter
local film thickness and interfacial curvature. This redistributes
capillary forces and affects film stability (Thiele et al., 2009;
Geistlinger et al., 2015). Previous studies have shown that
pore surface roughness introduces multiscale geometric undu-
lations. These act as a primary trigger for film instability and
rupture (Robbins et al., 1991; Ajaev et al., 2016). In particular,
liquid films are more prone to drainage, thinning, and eventual
breakup in protruding regions (MacDowell et al., 2014). As
a result, enhancing film flow while maintaining film stability
in complex pore geometries remains a central challenge for
improving displacement efficiency during SI.

Recent studies suggest that NFs can form multiscale struc-
tures on complex pore surfaces, thereby enhancing the stability
of wetting films (Li et al., 2020). Our previous work demon-
strated that nanoparticle adsorption on pore walls induces
nanoscale structures. Combined with microscale pore geome-
tries containing dead-end features, these structures form a mul-
tiscale system and generate a stable, continuous nanoparticle-
induced wetting film (Lei et al., 2025). During displacement,
this nanoparticle-induced wetting film remains continuous and
is driven by capillary pressure gradients. This promotes the
release of non-wetting fluids trapped in dead-end structures
and significantly enhances displacement efficiency (Zhang
et al., 2018; Ratanpara and Kim, 2023; Lu et al., 2026).
In contrast, conventional surfactant systems fail to establish
such multiscale structures and are therefore more prone to
film rupture under rough pore surface conditions. Despite
growing recognition of the relationship between film stability
and surface roughness, a systematic understanding remains
lacking. The role of nanoparticle-induced multiscale structures
in maintaining connected precursor wetting films is also not
fully understood (Kovalchuk et al., 2014). In particular, direct
pore-scale visualization and quantitative characterization of
these processes in rough porous media are still limited.

In this study, a microfluidic experimental platform was

employed to visualize SI in flow channels with controlled sur-
face roughness. Fractal roughness structures were constructed
based on Koch curves, representing three levels of geometric
complexity. The interfacial dynamics under controlled rough-
ness conditions were systematically investigated. First, NFs
and surfactant systems with comparable interfacial tension and
contact angle were prepared for direct comparison. During the
visualization experiments, the retreat of the main meniscus was
monitored to characterize corner flow and precursor wetting
film formation. Meniscus retreat was compared at fixed time
intervals across models with different roughness levels. This
approach enables analysis of how pore surface roughness
governs NF migration during SI. The results demonstrate the
superior displacement performance of NFs over surfactant
solutions. They also provide a quantitative experimental frame-
work for evaluating NF-based EOR strategies in rough and
heterogeneous unconventional reservoirs.

2. Experimental methods

2.1 Design of micromodels
To systematically investigate the effect of surface rough-

ness on the oil recovery efficiency of NFs, microfluidic chips
with different roughness characteristics were designed and fab-
ricated (Fig. 1). Two buffer zones were incorporated adjacent
to the inlet and outlet, as shown in Fig. 1(a). The observation
region was located in the central part of the model, focusing on
SI within flow channels with rough surfaces. All micromodels
shared identical channel depth and width, with a channel depth
of H = 20 µm and a main channel width W = 300 µm. The
fractal roughness structures were confined to the observation
region, where three parallel roughened channels were con-
structed, each with a length of L = 6,750 µm.

Surface roughness was constructed based on the fractal
Koch curve, enabling systematic modulation of surface ir-
regularity with high geometric reproducibility. Following the
construction procedure, three models with different roughness
levels were generated. The roughness was quantitatively de-
fined as the ratio of actual length to projected length. The level
0 fractal structure corresponds to a smooth straight channel,
as shown in Fig. 1(b), with a roughness of R0

n = 1. In the
level 1 fractal structure, equilateral triangular elements were
introduced along the channel walls, with a characteristic edge
length of a1 = 150 µm, as shown in Fig. 1(c), resulting in
a roughness of R1

n = 1.33. In the level 2 fractal structure,
additional triangular elements were introduced based on the
level 1 geometry, with a reduced characteristic edge length of
a2 = 50 µm, yielding a roughness of R2

n = 1.78. Across the
different rough structures, the channel surface evolves from
smooth to increasing roughness.

The micromodels were fabricated using standard pho-
tolithography and wet etching techniques. Glass substrates
were sequentially cleaned with organic solvents and deionized
water, followed by nitrogen drying and thermal treatment.
Microchannel patterns were defined by photolithography, and
the exposed glass regions were etched using hydrofluoric acid
to form the microchannels. Inlet and outlet reservoirs were
created by precision drilling. The etched substrate was then
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Fig. 1. Designed models incorporating fractal wall roughness: (a) Schematic representation of the model; (b)-(d) detailed views
of fractal structures at levels 0, 1, and 2, respectively.
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Fig. 2. Contact angle and surface tension of NFs and SDS
surfactant solutions.

aligned with a glass cover plate and thermally bonded at
elevated temperature, followed by slow cooling to room
temperature to minimize thermal stress and obtain sealed
micromodels (Whitesides, 2006; Song et al., 2014; Zhang et
al., 2020).

2.2 Experimental fluids
Two displacement fluid systems were prepared for the visu-

alization experiments. To ensure comparability, both systems
were adjusted to have identical pH conditions and similar
interfacial tension (Fig. 2).

For the NFs displacement system, n-decane (99%, Mack-
lin) was used as the non-wetting phase, while a 5 wt% silica
(SiO2) nanoparticle suspension served as the wetting phase.
The nanoparticles had an average diameter of 10 nm, and the

system pH was 7. The interfacial tension between the NF and
n-decane was σ = 34 mN/m, and the contact angle between the
aqueous phase and oil on the glass surface was θ = 16◦±3◦.

For the surfactant system, sodium dodecyl sulfate (SDS)
was dissolved in deionized water to prepare a 0.0015 wt%
solution as the wetting phase, while n-decane served as the
non-wetting phase. The system pH was 7. The interfacial
tension was σ = 33 mN/m, which is comparable to that of
NFs. The contact angle between the aqueous phase and oil
was θ = 25◦±3◦.

Both displacement systems exhibited viscosities approxi-
mately equal to that of water (µw = 1.01 mPa·s), as the low
additive concentrations did not significantly alter the fluid
viscosity. In addition, the contact angles were smaller than
45◦. Under such wetting conditions, interfacial mechanisms,
including corner flow and thin-film flow, dominate the dis-
placement process.

2.3 Experimental procedures
Based on a self-designed transparent pore-scale experi-

mental platform (Fig. 3), the evolution of two fluid systems
in rough-surface channels was quantitatively characterized.
The platform consists of three main components: A fluid
injection system, a microscopic imaging system, and an image
processing and analysis system. Fluid injection was controlled
using a high-precision syringe pump (Harvard PUMP 11
PICO Plus Elite) and a precision syringe (HAMILTON 1705),
ensuring a stable flow rate. The imaging system comprised a
stereomicroscope (Leica M205 FCA) coupled with a CMOS
camera (Leica K5C). This setup enables high-resolution vi-
sualization of pore-scale flow and interface evolution. Image
processing and analysis were performed on a GPU workstation
(NVIDIA Quadro RTX 8000) for efficient quantitative analysis
of the acquired image sequences.

During the experiment, the chip was positioned under the
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Fig. 3. Experimental platform with the micromodel enlarged.

objective of the stereomicroscope. The evolution of the two-
phase interface was recorded by the imaging system, and
the acquired images were transferred to a workstation for
quantitative analysis.

The experimental procedures are as follows:

1) Three pore volumes of non-wetting phase were injected
into the micromodel until the micromodel was fully
saturated with oil.

2) Micromodels with different roughness levels were se-
lected in the experiments. The NFs and the surfactant
solutions were injected separately into the models at a
constant rate of 3 nL/min, corresponding to a capillary
number of Ca = 2.5 × 10−7. Injection was terminated
when the displacement front reached a predefined posi-
tion within the rough channel. The inlet and outlet were
then immediately sealed to establish a closed system.

3) Under sealed conditions, the evolution of the two-phase
interface and the detachment of the oil during the SI
process were recorded in real time. Each experiment
lasted for 1 h.

4) The acquired image sequences were post-processed for
quantitative analysis. The retreat of the main meniscus
was extracted to characterize corner flow and thin-film
flow.

In addition, detachment of the non-wetting phase was quan-
tified. The interfacial dynamics of NFs and SDS surfactant
solutions during SI were systematically compared.

All experiments were conducted under ambient laboratory
conditions (approximately atmospheric pressure and 25 ◦C).
Each experiment was repeated at least three times to ensure
reproducibility, and consistent trends were observed across all
trials.

3. Results
To compare displacement efficiency between NFs and sur-

factant solutions, interfacial evolution was recorded at identical
time intervals. Fig. 4 presents a representative time series of
interface evolution. In each image, the left side corresponds
to the NF phase, while the right side corresponds to the oil
phase. From top to bottom, the images show interface positions

in fractal models at 0, 20, 40, and 60 min, respectively.
Migration of NFs is strongly influenced by fractal surface

roughness, as reflected by interface positions at different time
points.

During displacement, NFs migrate along the channel walls
primarily through corner flow and thin-film flow. Due to mass
conservation, preferential wall migration causes retreat of the
main oil-water interface, leading to significant differences in
interface positions among models with different roughness
levels at identical time points. In the level 0 fractal structure,
the pore walls are smooth along the flow direction, and no
additional capillary pressure gradient is induced by surface
roughness. Consequently, interface migration is not enhanced
by roughness effects. In the level 1 structure, the NF phase
fills only a single triangular roughness unit within 60 min. In
the level 2 fractal structure, two symmetric pentagram-shaped
units are completely filled over the same period. These ob-
servations indicate that increasing surface roughness enhances
both corner flow and thin-film flow, thereby promoting the
mobilization of trapped oil.

To further elucidate the displacement advantages of NFs
under different surface roughness conditions, controlled ex-
periments were conducted using SDS surfactant solutions for
comparison. Fig. 5 presents the interfacial evolution between
the surfactant solution and oil at different time points in
models with varying surface roughness. In each image, the
left side corresponds to the surfactant solution, while the right
side corresponds to n-decane. From top to bottom, the images
show interface positions at 0, 20, 40, and 60 min, respectively,
for different fractal structures.

During the SI of SDS surfactant solutions, corner flow also
develops under water-wet conditions. The interfacial tensions
of the two fluid systems are approximately equal. As shown
in Fig. 5, the main meniscus retreats to some extent in
all roughness models after 60 min. This suggests that the
surfactant system can promote oil detachment from pore walls
during SI. However, the magnitude of meniscus retreat is
consistently smaller than that observed in the NF system,
reflecting its comparatively weaker displacement performance.

Further comparison shows that, for both NFs and SDS
systems, meniscus retreat varies with surface roughness. This
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Fig. 4. Migration of the interface between the NFs phase and the oil phase at different time points: (a)-(c) Evolution of the
fluid interface in the three different roughness models.
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Fig. 5. Migration of the interface between the surfactant aqueous solution and the oil phase at different time points: (a)-(c)
Evolution of the fluid interface for different fractal structures.
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suggests that geometric effects influence the development of
corner flow and thin-film flow. Notably, as surface rough-
ness increases, the NF system exhibits a significantly greater
enhancement in displacement efficiency than the surfactant
system.

4. Discussion
Based on visualization experiments of SI in channels

with different surface roughness, NFs consistently exhibit
higher displacement efficiency than surfactant systems across
all roughness levels. This section examines the underlying
mechanisms from a pore-scale perspective. Furthermore, the
oil volume released was quantified from the retreat of the main
meniscus. This enables the oil recovery factor to be determined
under different roughness conditions and allows systematic
comparison of displacement performance.

4.1 NFs enhanced corner flow and thin-film flow
Surface roughness amplifies curvature gradients, thereby

intensifying nanoscale film instability and nanoparticle-
induced structural forces. Thin films are ubiquitous in mul-
tiphase flow within porous media, particularly near the three-
phase contact line. Their formation, continuity, and stability
critically govern fluid migration. As the film thickness de-
creases to the nanoscale, interfacial behavior can no longer
be described solely by classical capillary pressure. Instead,
disjoining pressure must be considered. Under such conditions,
the pressure balance within the film region follows the aug-
mented Young-Laplace equation (Nikolov et al., 2019; Lei et
al., 2025):

Pc = σκ +Π(h) (1)
where Pc denotes the capillary pressure, σ is the interfacial
tension, κ is the interfacial curvature, and Π is the disjoining
pressure of the thin film. It depends on the film thickness h
and can be determined using extended DLVO theory.

For NFs, particle aggregation and dispersion are governed
by the effective interaction energy of the system. The total
interaction energy can be expressed as (Matar et al., 2007;
Lei et al., 2020; Xu et al., 2021):

W (h) =WV DW (h)+WEDL(h)+Ws(h) (2)
where W (h) denotes the total interaction free energy per unit
area of the thin liquid film as a function of film thickness
h. WV DW (h) represents the van der Waals attraction, WEDL(h)
denotes the electrostatic double-layer repulsion, and WS(h)
corresponds to the structural disjoining pressure arising from
the confined arrangement of nanoparticles. These interactions
can be quantitatively described using extended DLVO theory.

For the fluid systems considered in this study, the contact
angle θ is smaller than 30◦, favoring the formation of thin
water films and corner flow. However, geometric constraints
induced by surface roughness render these films susceptible
to rupture, making film stability a key factor governing oil
detachment efficiency.

Lei et al. (2025) demonstrated that thin-film stability in
regions with varying surface curvature is governed by the com-

petition between disjoining pressure and capillary pressure.
When a critical curvature condition is satisfied, a molecular-
scale adsorbed film transitions into a hydrodynamic film,
forming a stable liquid film. The transition is governed by
the range of disjoining pressure, characterized by Πmax and
Πmin. Πmax corresponds to the maximum repulsive interaction
arising from electrostatic double-layer and structural forces,
representing the upper limit at which a hydrodynamic film can
resist capillary compression. Πmin denotes the minimum dis-
joining pressure dominated by attractive interactions, defining
the lower bound below which capillary pressure can induce
film thickening and trigger capillary condensation. These two
characteristic values determine the transition between adsorp-
tion film and hydrodynamic film, as well as the conditions
for film rupture and capillary condensation on multiscale sur-
faces. Under the present experimental conditions, the capillary
pressure can be expressed as (Ichikawa et al., 2004):

Pc = 2σ

(
1

W
+

1
H

)
= 3.613 kPa (3)

where W is the main channel width (300 µm) and H is the
depth (20 µm).

In convex curved regions, when Pc > σκ +Πmax, the dis-
joining pressure is insufficient to counterbalance the capillary
pressure. Under this condition, the hydrodynamic film be-
comes unstable and ruptures, leaving only a stable molecular-
scale adsorbed film.

In the present experiment, the convex surface curvature
radius rcv satisfies rcv < rcv, cri = 1.26 µm, where rcv, cri
denotes the critical curvature radius below which the hy-
drodynamic film becomes unstable. This indicates that the
curvature-induced capillary pressure exceeds the maximum
attainable disjoining pressure. Consequently, only an adsorbed
film remains stable in convex regions.

In the concave region, when Pc < σκ + Πmin and the
curvature radius satisfies rcc < rcc, cri, the capillary pressure
is insufficient to suppress the structural disjoining pressure.
The critical radius rcc, cri = 150 nm corresponds to the onset
of capillary condensation.

Under these conditions, capillary condensation is triggered,
and the adsorbed molecular film transitions into a connected
precursor wetting film (Tuller et al., 1999; Anand et al., 2021;
Zhang et al., 2021).

Due to the continuous precursor wetting film network
formed by nanoparticle adsorption on pore walls, the hydrody-
namic wetting film generated in concave regions extends into
adjacent convex regions. This leads to the transformation of
the adsorbed film into a hydrodynamic wetting film, thereby
enhancing overall film connectivity across rough surfaces.

In addition to nanoparticle-enhanced thin-film flow, corner
flow plays a critical role in improving displacement efficiency.
Due to the larger film thickness in corner regions, the asso-
ciated disjoining pressure more readily satisfies the stability
criterion. As a result, corner flow acts as a volumetrically
amplified and highly stable hydrodynamic wetting film. Under
the combined effects of nanoparticle adsorption and structural
disjoining pressure, capillary condensation preferentially oc-
curs in corner regions. This further enhances the persistence
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Fig. 6. Illustration of pore filling by NFs within fractal structures: (a)-(c) Different filling stage in the level 0, 1, and 2 fractal
structures.

and connectivity of corner flow. The cooperative interaction
between corner flow and thin-film flow promotes effective oil
mobilization.

In contrast, for SDS surfactant solutions under comparable
interfacial tension and wettability conditions, no continuous
hydrodynamic wetting film is established (see Lei et al. (2025)
for detailed simulations). Curvature-induced capillary effects
at microscopic convex features constrain both corner flow and
thin-film flow, preventing them from maintaining connectivity.
Consequently, their development is suppressed, resulting in
significantly lower displacement efficiency compared to NFs.

4.2 Effect of surface roughness
Assuming a connected precursor wetting film along the

pore walls, the effect of surface roughness on oil recovery effi-
ciency is further examined. The following experimental condi-
tions and assumptions are specified to highlight the dominant
role of pore-scale capillary mechanisms. (i) Oil detachment
occurs under quasi-static conditions, such that viscous, inertial,
and gravitational forces can be neglected. The corresponding
capillary number is Ca= µU/σ ∼ 10−7, and the Bond number
is Bo = ρga2/σ ≪ 1, where µ is the fluid viscosity, U the
characteristic velocity, ρ the fluid density, g the gravitational
acceleration, and a the characteristic pore size. Under these
conditions, the displacement process is governed primarily by
capillary pressure and interfacial curvature evolution. (ii) The
characteristic scale of random surface roughness introduced
during micromachining is several orders of magnitude smaller
than that of the designed fractal roughness. Therefore, its in-
fluence on interfacial migration is negligible, and the observed
behavior is dominated by the designed geometric roughness.

Based on the evolution of interfacial forces during oil
detachment within a single roughness element, the process is
divided into two sequential stages. Let A denote the area occu-
pied by the aqueous phase within a single roughness element.
Here, A0 represents the area associated with the microscopic
roughness corresponding to the thin-film region, while A1
and A2 denote the areas of dead-end regions (excluding the
microscopic roughness) at different stages, as illustrated in
Fig. 6.

(i) Film flow-driven stage (0 ≤ A < A0)
At this stage, the increase in film thickness originates from

capillary condensation within nanoparticle-induced nanostruc-
tures. Once a continuous precursor wetting film is established,

liquid confined within nanopores formed by adsorbed nanopar-
ticles develops curved menisci. The resulting interfacial pres-
sure gradients drive liquid into the nanoparticle layer. Local
condensation further enhances structural disjoining pressure
between nanostructures. This promotes progressive film thick-
ening until the region A0 is fully filled. This stage is therefore
governed by disjoining pressure amplification and nanoscale
curvature effects, rather than by the designed channel rough-
ness.

(ii) Corner radius-driven stage (A0 ≤ A < A2)
When the hydrodynamic wetting film detaches from the

microscopic roughness and enters dead-end regions, the gov-
erning mechanism shifts. Oil displacement becomes dominated
by capillary curvature evolution controlled by corner geometry.
During this stage, the corner angle of dead-end pores becomes
the key geometric parameter governing meniscus advance-
ment. According to Tuller et al. (1999), the relationship
between interfacial curvature and liquid invasion in polygonal
corners is expressed analytically. Based on this framework, the
curvature radius Ri during the corner flow-dominated stage is
given by:

Ri =

√
∑Ai

Fn
(4)

where Fn is the geometric angle factor with Fn = n tan(π/n)−
π −∑

n
i=1 [1/ tan(α/2)− (π −α)/2]. For equilateral triangular

pores, α = π/3, n = 3, and Fn = 2.1.
Once a connected precursor wetting film is established

across both primary and secondary structures, the displacement
efficiencies are comparable during the film-driven stage. The
primary differences among fractal structures arise during the
corner radius-controlled stage.

When the wetting phase fills the region A1, the corner-
driven capillary forces associated with the primary and
secondary structures are theoretically identical, with R1 =√

A1/Fn = 22.70 µm.
However, compared with the primary structure, the sec-

ondary structure introduces additional microscopic roughness
units (Fig. 7), significantly enhancing pore-scale curvature
heterogeneity. Driven by the connected precursor wetting film,
this geometric complexity amplifies the capillary pressure gra-
dient along the wall. As a result, multiple rough substructures
are filled simultaneously. Consequently, within the region A1,
the level 2 fractal structure exhibits a faster pore-filling rate
over the same time period.
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Fig. 7. Normalized SI volume evolution of NFs and SDS solution in micromodels with different fractal structures. (a) NFs
and (b) SDS surfactant solutions.

Table 1. Normalized oil displacement volumes within 1 h.

Displacing
fluid

Level 0
fractal

Level 1
fractal

Level 2
fractal

NFs 1.13 1.24 1.39

SDS surfactant
solutions 1.04 0.97 0.95

Once the wetting phase enters the region A2, the dis-
placement efficiencies of the level 1 and level 2 fractal
structures become nearly identical. Under capillary-dominated
conditions, the interface ultimately stabilizes at an angle of
approximately 16◦ relative to the wall, as indicated by the
green curve in Fig. 6.

It should be noted that the above analysis of the pore-filling
process does not explicitly account for spatial variations in
the initial film thickness along the wall surface. In practice,
such variations may lead to minor differences in filling rates
among microscopic roughness units. For instance, in the level
2 fractal structure, the left rough unit is often filled earlier
than adjacent units. However, as the experiments are conducted
under quasi-static conditions, these local differences have a
negligible effect on the overall displacement behavior.

The transition from disjoining pressure-dominated film
thickening to geometry-controlled corner filling establishes
a multiscale capillary regulation framework, which explains
the superior displacement efficiency of higher-order fractal
roughness under SI assisted by NFs.

4.3 Quantification of oil recovery
During SI, mass conservation is maintained within the

micromodel. The liquid volume associated with thin-film flow
is negligible compared to that of corner flow. Therefore, the
cumulative volume contributed by corner flow at a given
time can be approximated by the volume of oil displaced,
inferred from the recession of the main meniscus (Wijnhorst
et al., 2020; Cai et al., 2022; Kubochkin and Gambaryan-
Roisman, 2022). Based on this approximation, the oil displace-

ment efficiency under different surface roughness conditions
is quantified using the recession volume of the main interface.

Under quasi-static conditions, the cumulative volume of
corner flow at time t can be expressed as (Zhang et al., 2021;
Zhao et al., 2021):

Vt =−aC

√
2σr5t
kµβ

(5)

where Vt is the cumulative corner flow volume at time t,
C is the geometric shape factor, which depends on contact
angle and the number of corners, β is the dimensionless flow
resistance coefficient, k is a variational parameter obtained
by minimizing the deviation between exact and approximate
solutions, a is a dimensionless parameter associated with the
test function, and r is the characteristic curvature radius of the
corner. For a rectangular capillary, which is equivalent to a
four-corner geometry, the expression for C can be written as:

C = 4
[

cosθ cos(π/4+θ)

sinπ/4
− (

π

4
−θ)

]
(6)

with β = 99.5, k = 1.447, and a = 0.59.
Based on the above model, the theoretical corner flow

volumes Vtheory were first calculated. The theoretical values are
2.52 nL for the NF system and 1.54 nL for the SDS surfactant
system. This difference primarily arises from variations in
contact angle, as a smaller contact angle leads to a larger
theoretical corner flow contribution.

Subsequently, the actual oil displacement volumes under
different fractal structures were obtained by quantifying the
recession area of the main interface from the experimental
images. To enable a meaningful comparison and minimize
bias from wettability differences, the measured volumes were
normalized by their corresponding theoretical values, defined
as V ∗ = Vexp/Vtheory. The normalized results are summarized
in Table 1.

Based on the normalized results in Table 1, the temporal
evolution of the normalized SI volume is further illustrated
in Fig. 7. Compared with the smooth straight channel (level
0), fractal roughness significantly enhances the imbibition
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performance of NFs. Specifically, the normalized SI volume
increases by 23.8% in the level 1 fractal structure and by
38.9% in the level 2 fractal structure relative to the smooth
case. In contrast, the SDS system does not exhibit a monotonic
increase in displacement efficiency with increasing surface
roughness.

For the NF system, these observations are consistent with
the mechanisms discussed in Sections 4.2 and 4.3. Increased
surface roughness introduces a greater number of microscale
concave features, thereby enhancing local interfacial curvature
heterogeneity. This promotes capillary condensation of the
precursor wetting film and strengthens corner flow within
concave regions. Amplified capillary pressure gradients along
rough walls drive oil mobilization. During the corner radius-
controlled stage, oil trapped in microscale rough structures is
continuously released.

By contrast, in the SDS surfactant system, the absence of
a stable and connected hydrodynamic water film suppresses
the enhancement induced by surface roughness. Although
local concave regions promote capillary condensation and
corner flow, the increased presence of convex features leads
to film rupture and disrupts continuous liquid transport. As a
result, the displacement efficiency of the SDS system does not
increase systematically with surface roughness. Its behavior is
governed by the spatial competition between concave-induced
enhancement and convex-induced inhibition.

The present study establishes a multiscale mechanistic
framework for SI in rough microchannels mediated by NFs.
Quasi-static corner flow theory is integrated with direct visu-
alization experiments to demonstrate that surface roughness
does not universally enhance SI efficiency. Instead, its effect
is governed by the stability and connectivity of the interfacial
aqueous film.

For conventional surfactant solutions, surface roughness
introduces competing geometric effects. Concave features lo-
cally enhance capillary condensation and promote corner flow,
whereas convex asperities disrupt film continuity and hinder
long-range liquid transport. Consequently, displacement effi-
ciency does not increase monotonically with fractal roughness,
and spontaneous imbibition remains governed by classical
capillary-driven corner flow.

In contrast, the NF system exhibits a fundamentally differ-
ent response to multiscale roughness. Nanoparticles stabilize
the interfacial film and enhance structural disjoining pressure,
enabling the formation of a continuous hydrodynamic network
along rough surfaces. Under these conditions, microscale con-
cave features amplify curvature gradients, strengthen capillary
pressure heterogeneity, and sustain coupling between corner
flow and thin-film flow. This cooperative mechanism promotes
progressive oil detachment from rough cavities and dead-
end pores, resulting in a monotonic increase in displacement
efficiency with increasing fractal level.

Comparison between theoretical corner flow scaling and
experimental recession volumes shows that NF-enhanced SI
cannot be fully described by classical capillary models alone.
Instead, the displacement process reflects a curvature-regulated
transition. This transition evolves from isolated corner flow to
a film-connected transport regime mediated by nanoparticle-

induced interfacial stabilization.
Overall, this work demonstrates that the effectiveness of

surface roughness in promoting SI depends on the interfacial
rheological and structural properties of the displacing fluid.
The present study elucidates the coupling between multiscale
geometry, capillary forces, and nanoparticle-induced film sta-
bilization, providing new insights into the design of functional
imbibition fluids for enhanced oil recovery in complex porous
media.

5. Conclusions
SI assisted by NFs was systematically investigated using

microfluidic models with controlled fractal roughness and
revealed a strong dependence of displacement efficiency on
pore surface geometry. Under all roughness conditions con-
sidered, NFs consistently outperform surfactant solutions, and
this advantage becomes increasingly pronounced as surface
roughness increases.

At the pore scale, the enhanced displacement behavior
arises from the coupling between precursor wetting films and
capillary heterogeneity induced by surface roughness. Under
strongly water-wet conditions, a precursor wetting film spreads
ahead of the advancing interface along the solid surface,
establishing a continuous liquid pathway that maintains in-
terfacial connectivity over rough walls. Meanwhile, surface
roughness introduces multiscale geometric undulations and
spatial variations in interfacial curvature, thereby redistributing
capillary pressure and enhancing axial driving forces. This
coupling sustains the development of corner flow and film
flow, promotes progressive detachment of trapped oil, and
enables efficient transport through geometrically complex re-
gions. Consequently, displacement efficiency cannot be fully
explained by interfacial tension reduction alone. Instead, it is
governed by precursor wetting film stability and its interaction
with capillary effects modulated by surface roughness.

Nevertheless, these insights are derived from simplified
microfluidic models, and their applicability to more complex
porous media remains to be further examined. The present
study is limited to fractal geometries that are approximately
two-dimensional and to relatively simple fluid systems. It
does not consider three-dimensional pore networks, multiscale
structural complexity, or multiphysics coupling processes. In
realistic reservoir conditions, the interplay between curvature
variations and capillary pressure may exhibit stronger multi-
scale coupling. This may alter the evolution of precursor films
and corner flow. Further investigation in three-dimensional
porous structures under more representative conditions is
therefore required to enable reliable upscaling from the pore-
scale to the reservoir-scale.

Despite these limitations, the coupling between precursor
wetting films and surface roughness provides a new per-
spective for understanding interfacial transport in complex
porous media. Such insights may also improve understanding
of multiphase flow behavior and provide useful guidance for
applications such as unconventional hydrocarbon recovery,
CO2 sequestration, and subsurface remediation.
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