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Abstract: Electroosmosis phenomenon in porous media finds widespread applications in
various fields such as microfluidic systems, polymer electrolyte membrane fuel cells, oil and
gas engineering, wastewater sludge dewatering and groundwater dynamics etc. Therefore, the
electroosmotic flow mechanism in porous media have attracted broad interests from multiple
disciplines. This paper provides an overview on the physical mechanisms and mathematical
models for electroosmosis in porous media. The background of electric double layer theory
and state-of-art research progress on pore-scale models for electroosmotic flow through
porous media are reviewed. Two typical and significant research topics, electroosmosis under
pressure coupling effect and nanoscale electroosmotic phenomena, are then focused on. The
advances in theoretical analysis, numerical simulation and experimental measurements are
summarized. Finally, the potential research directions for the electroosmotic flow in porous
media are addressed out.

Keywords: electroosmosis; porous media; electric double layer; pressure coupling effect;
nanoscale

1. Introduction

Electrokinetic phenomenon refers to the relative motion between solid and
liquid phases or the generation of electric potential in colloidal systems where solid
and liquid coexist under the influence of an applied electric field. Electrokinetic
phenomena are generally classified into four categories [1]: electrophoresis,
electroosmosis, streaming potential, and sedimentation potential. However, these
four kinds of electrokinetic phenomena may coexist and have strong relationship
with each other (as shown in Figure 1).
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Figure 1. The relationship between electrokinetic phenomena.
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In 1809, Russian scientist Ruess first observed the directed movement of clay
particles under the influence of an electric field in experimental studies, which was
termed as electrophoresis [2]. And the solid clay particles may induce the movement
of charged particles in the liquid phase, which is known as electroosmosis.
Electroosmosis (also called electroosmotic flow, EOF) can be considered as the
reverse process of electrophoresis. In 1852 and 1859, German physical chemists
Wiedemann [3] and Quincke [4], respectively, found that when pressure is applied to
a liquid passing through a porous ceramic plate, a potential difference is generated in
the direction of flow. This phenomenon is named as streaming potential. In 1878,
German physicist Dorn [5] observed that the settling of particles under the influence
of gravity, resulting in a sedimentation potential. All of these phenomena mentioned
above are collectively referred to as electrokinetic phenomena. Both the solid and
liquid phases have charges on their surfaces, and the charges on the solid surface
attract charges with equal magnitude but opposite polarity, forming an electric
double layer (EDL) structure at the interface between the solid and liquid phases.
The schematic diagram of electrokinetic phenomena is shown in Figure 2.
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Figure 2. The schematic graph of electrokinetic phenomena.

Electrokinetic phenomena have been widely applied in various fields such as oil
and gas engineering [6], energy and environmental technology [7], biomedical
science [8], chemical industry [9], etc. In practical industrial applications, when an
electric field acts on a charged fluid, the charged particles in the fluid are subjected
to the force of the electric field, resulting in fluid flow. Studying this flow
phenomenon is crucial for improving industrial production efficiency and reducing
production costs, making in-depth research on electroosmotic flow phenomenon of
great significance. Electroosmotic flow is a key aspect of electrokinetic phenomena,
describing the flow behavior of charged fluids at the microscale under the influence
of an electric field. The application of electroosmotic flow covers a wide range of
fields. For example, in the petroleum industry [10], the flow rate of oil can be
increased by applying an external electric field, which enhance the oil recovery rate
accordingly. In the field of microfluidic devices [11], lab-on-a-chip technology
enables the miniaturization of sample preparation, reactions, separations and
detection techniques by using electrokinetic phenomena. In terms of cooling
technology [12], the application of electrokinetic phenomena in microchannel
cooling has potential in improving cooling performance. In sludge dewatering and
treatment [13], the surface water can be effective removed by electroosmosis. In the
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biomedical field, a minimally invasive technique using a microneedle array
combined with reverse iontophoresis has been employed to non-invasively extract
interstitial fluid from the cellular interstitium below 25 millimeters from the skin
surface. This technology enables more convenient medical devices for blood glucose
monitoring [14] and drug delivery [15]. In the field of human-computer interaction,
the development of tactile interaction devices utilizing electroosmotic pump arrays
such as tactile gloves [16] provides more immersive and realistic interactive
experiences in virtual reality, augmented reality and gaming. In the field of energy,
electroosmotic flow is used for ion transport and mass separation in batteries, fuel
cells and supercapacitors [17].

Despite the significant progress made in electroosmosis research over the past
few decades, there are still some drawbacks and limitations. The eletroosmosis
phenomenon involves the coupling of multiple physical processes, such as the
electric field, fluid mechanics, and electrolyte mass transfer. Current research often
focuses on studying these processes separately, neglecting the interactions and
coupling effects between them. And with the development of micro and nano
technology, the mechanisms of electroosmosis in nano-scale porous media are
significant and attract broad interests. As a result, a comprehensive understanding of
the electroosmotic flow behavior in complex and multiscale systems still requires
further investigation. Therefore, this paper provides an overview on the
electrokinetic phenomena and up-to-date review on the eletroosmosis through porous
media. The background and fundamentals of EDL are firstly introduced. And the
pore-scale mathematical models on the eletroosmosis through porous media are
summarized and reviewed. Then, electroosmosis under pressure coupling effect and
nanoscale electroosmotic mechanisms are explored. The research progress on
theoretical analysis, numerical simulation and experimental measurement in these
two fields are presented. Finally, the possible and valuable research topics in the
electroosmosis through porous media are pointed out.

2. EOF in porous media

2.1. EDL theory

The EDL structure at the solid-liquid interface primarily discusses the
distribution patterns of ions and the corresponding variations of potential with
distance. Since late 19th century, several physical models have been proposed to
understand EDL and its mechanisms. In 1879, Helmholtz [18] first proposed a
parallel plate model for EDL.

Eo&rho
0 =—5— 1)
where o represents the surface charge density of the solid, & is the relative

permittivity of the medium between the plates, o is the permittivity of vacuum, wo is
the surface potential, and o is the distance between the parallel plates. Between 1910
and 1913, Gouy [19] and Chapman [20] proposed a diffuse EDL model by
introducing a diffuse layer into the Helmholtz model. That is, there are two electric
layers at the charged interface in an electrolyte solution, inner and outer layer
(Figure 3a). This model is capable of characterizing the potential variation with
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distance from the plate. In 1924, Stern combined Helmholtz model and Gouy-
Chapman model to propose a Stern EDL model [21]. It consists of two parts, Stern
layer and diffuse layer. The layer adjacent to the surface is named as compact layer
or Stern layer, the diffuse layer is between the Stern layer and the interior of the
liquid phase. As shown in Figure 3b, the potential of solid phase and Stern layer are
wo and s, respectively. And ¢ and & denote the Stern layer thickness and potential at
the diffuse layer boundary, respectively.

In order to study the EOF through porous media, the capillary model is
generally employed to characterize the electroosmosis path. As shown in Figure 4,
the potential at the capillary wall is denoted as wo, and the potential at a distance of r
is denoted as y(r) and the excess charge density is denoted as p(r). By employing the
Stern EDL model and considering a monovalent electrolyte, the Poisson equation
becomes:
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(a) Gouy-Chapman diffusion double layer model.

(a) Single capillary tube.
Figure 4. Schematic diagram of capillary double layer.

(b) Stern double layer model.
Figure 3. Diffusion electric double-layer model.
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(b) Electric double layer phenomenon in capillaries.
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Based on Boltzmann equation, the charge density can be gotten as:
ey(r)
©)
kT
where k is the Boltzmann’s constant, T is temperature, n is the Avogadro number and

e is the elementary charge. By using Debye—Hickel approximation, 0 « 1 and

(kT)
sinheyp(r) _ ep(r)
(k1)  *kT)
applicable to very small values of potential.
The Poisson-Boltzmann distribution equation then becomes

p(r) = —2ne sinh

It should be noted that this approximation would only be

| G @
where k = Ez::’;T is the reciprocal of the EDL thickness. For a cylindrical capillary,
the boundary conditions are as follows:
)|  _
Y(r) = dr lr=o B ®)
Y(R) =1
Then, the analytical solutions for () and p(r) are:
Io(xr)
YO =Yo7 Ry (6)
Iy (k1)

p(r) = —eo&r Ky I, (kR) (7

where I,, is the modified Bessel function of the first kind of zero order. The velocity
profile v(r) through a tortuous capillary under an electric field U can be expressed by:
_ &o&PoE Io (kr)

U(T) - [ IO (KR) (8)
where w is fluid viscosity, Lo is the representative length of the porous media,
E=U/L, is applied electric field gradient.

2.2. Progress on EOF

Porous media are composed of minerals (such as silicates, oxides, carbonates)
or other materials (such as polymers, biomaterials), and these porous materials
typically carry charges due to isomorphic substitutions in their structure.In order to
explore the EOF mechanism in porous media, theoretical analysis, numerical
simulations and experimental studies have been conducted on EOF in ideal and
simplified devices including capillaries, parallel plates and microchannels. And the
influences of device shape and size on EOF were investigated in detail.

In 1965, Rice and Whitehead [22] conducted a systematic theoretical analysis
on electrokinetic phenomena in narrow cylindrical capillaries using the Debye-
Hixkel approximation, which is only applicable in small surface potential. Later,
Levine et al. [23] and Olivares et al. [24] extended the theory proposed by Rice and
Whitehead by dividing the capillary into low surface potential region and high
surface potential region, and solving for the surface potential in each region. In 1990,
Ohshima and Kondo [25] derived simple approximate analytical formulas for
electroosmotic velocity, volume flow rate, current, and streaming potential in the
study of electrokinetic effect between two parallel plates. In 1997, Mala et al. [26]
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explored the influence of the electrokinetic effect on the liquid flow characteristics in
microchannels between two parallel plates. In 2013, Luong and Sprik [27] conducted
U-tube experiments in saturated porous media to measure the relationship between
electrokinetic effect and electric field strength, aiming to assess the permeability and
pore structure of the material. In 2020, Luo and Keh [28] analyzed the electrokinetic
flow and accompanying electrical conduction of salt-free solutions in charged
circular capillaries along the axial direction. They solved for the electrostatic
potential distribution and fluid velocity distribution within the capillary channel. In
2022, Ning et al. [29] utilized a fractal capillary bundle model to develop the electro-
hydrodynamic coupling process in non-steady pressure-driven flows. They derived
analytical expressions for the potential distribution and velocity distribution within
the channels.

The capillary models with different geometries have been proposed to study
EOF in porous media. For example, Paillat et al. [30] studied the EOF in porous
media based on a single capillary; Wu and Papadopoulos [31] used cylindrical and
annular capillary bundle models to study EOF in porous media; Pascal et al. [32]
examined the impact of rectangular, cylindrical, and annular ideal capillaries on EOF
flow rate in porous fibrous media. Since the pore structures of porous media indicate
random and irregular characteristics, fractal geometry has been proposed to develop
pore-scale model for EOF in porous media. In 2013, Bandopadhyay et al. [33] used
fractal theory to study EOF characteristics in porous media with irregular or non-
uniform terrain features and investigated the influence of the conductivity tensor on
domain morphology and solid fraction, and compared it with the equivalent Darcy
permeability. In 2015, Liang et al. [34] analyzed the electroosmotic characteristics in
fractal porous media and investigated the factors that influence the height difference.
In 2020, Thanh et al. [35] obtained theoretical expressions for the electroosmotic
pressure coefficient and permeability of porous media based on a tortuous fractal
cylindrical capillary bundle model. In 2023, Xu et al. [36] established a new pore-
scale physical model for EOF in sludge porous media and derived the analytical
expressions for EOF flow rate and permeability.

The external electric field or pressure have been proposed on the microchannel
walls to modulate the electroosmotic effect and thereby control the fluid velocity and
flow distribution. In 2011, Vennela et al. [37] studied the Sherwood number due to
the combined flow driven by pressure and electroosmotic flow in porous microtubes.
In 2013, Dutta [38] theoretically investigated the electroosmotic flow characteristics
of nanofluidic separation of non-neutral analytes by combining the forward pressure
gradient with the counteracting force electroosmotic flow field. In 2019, Kou and
Dejam [39] studied the dispersion phenomena caused by pressure and electroosmotic
flow in channels surrounded by permeable porous media. In 2019, Rosenfeld and
Bercovici [40] employed an electroosmotic pump to control capillary flow, where
the applied voltage could regulate the capillary driving speed. They investigated the
filling, mixing, and transport of liquids in a microfluidic paper-based analytical
device. In 2020, Godinez-Brizuela and Niasar [41] mainly investigated the flow
generated by the simultaneous action of pressure and electroosmotic flow in charged
porous media and studied the pore-scale effects in mixing and dispersion processes.
In 2024, Terutsuki et al. [42] utilized the electroosmotic flow generated by the
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combination of anion and cation hydrogels to achieve electroosmotic flow controlled
delivery, thereby realizing chemical transport. In 2024, Mondal and Chaube [43]
investigated the peristaltic flow of unstable, viscous, and incompressible fluids in
capillary channels under two-dimensional conditions. They simplified the model and
derived analytical expressions for the electroosmotic characteristics considering the
thin EDL situation.

3. EOF with pressure effect

Both pressure-driven and electroosmosis-driven flow are both important
methods for fluid propulsion. Compared with common pressure-driven flow,
electroosmosis-driven flow offers advantages such as low cost, high efficiency, long
lifespan, and ease of operation and control etc. The pressure-driven flow generally
forms a parabolic velocity profile (Figure 5a), while the electroosmosis-driven flow
exhibits a plug-like flow profile (Figure 5b). The uniform velocity distribution
across the cross-section enables precise separation of samples by electrophoresis.
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(a) Pressure-driven velocity profile. (b) Electroosmosis-driven velocity profile.
Figure 5. Velocity profile of pressure-driven and Electroosmosis-driven flow.

When considering the pressure effect in electroosmotic flow, the choice of an
appropriate model depends on the specific conditions and requirements of the system.
Two commonly used models for incorporating the pressure effect in electroosmotic
flow are the Helmholtz-Smoluchowski (HS) model and the Modified-Helmholtz-
Smoluchowski (MHS) model. The HS model is only suitable for low-pressure
systems. While, the effect of fluid compressibility is included in MHS model.

The flow rate of EOF with pressure effect depends on the applied electric field,
zeta potential of the channel walls, fluid properties (viscosity, conductivity), channel
geometry, pressure gradient, and even the presence of additional external forces.
Various empirical or semi-empirical equations have been proposed to describe the
EOF flow with pressure, that is simultaneous pressure and electroosmosis-driven
flow. As illustrated in Table 1, there is clear difference between these available
models for flow rate. Rice and Whitehead [22] proposed a narrow straight cylindrical
capillary model based on the double-layer theory and Boltzmann equation. They
derived the electroosmotic flow velocity and electroosmotic flow rate, and discussed
the relationship between electroosmotic phenomena and flow radius. Kobayashi et al.
[44] designed a vertical electroosmotic experimental setup, considering factors such
as gravity, pressure, and electric field forces. They got potential distribution,
electroosmotic flow velocity, and electroosmotic flow rate in capillary channels.
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Paillat et al. [30] used a cylindrical straight capillary model, the pore radius of which
is much larger than the EDL thickness, to the derive the electroosmotic flow velocity.
Vennela et al. [37] used a two-dimensional cylindrical micro-pore model based on
the EDL theory and the Boltzmann equation, and explored the relationship between
the Sherwood number and the Debye length. Dutta [38] carried out numerical
simulation on a two-parallel-plate channel model to investigate the charge separation
in nanofluids. They derived a normalized electroosmotic flow velocity equation.
Thanh et al. [35] utilized a curved cylindrical channel model based on fractal theory
and obtained electroosmotic flow velocity and electroosmotic flow rate inside the
channel.

The pressure-driven flow through a cylindrical and tortuous capillary with a
radius of R can be characterized by Hagen-Poiseuille equation. Thus, according to
Equation (8) under Debye—Hickel approximation, the flow velocity under
simultaneous effect of pressure and electric field can be written as:

1 AP gy, |C|E Iy (kr)
- _ RZ a2y —
v(r) 4#( %) L + 1o (eR) 9)
Therefore, the volumetric flow rate in the capillary is given by:
R mR* AP nsosr|{|R2E[ 21, (kR)
R=fvr 2nrdr = — —+ - 10
a®) = | V() S L " TR (10)
where I; is the first-order modified Bessel function of the first kind.
Figure 6 illustrates the variation of C =1 — _2L0R)_\ith the radius R. It can
[kRIo(kR)]

be observed that as the radius R of the capillary increases, the value of C approaches
to 1. Therefore, the flow rate in a single capillary under simultaneous effect of
pressure and electric field can be simplified as:

TR*AP  meye,|{|R%E

q(R) = - (11)
8u L, U
Table 1. Flow rate of EOF with pressure effect.
Flow rate Geometric Model References
v(r) = L (a2 —1%) - iE 1- lo(xr) narrow straight cylindrical capillary model [20]
4u 4t Iy (ka) guey priary
_E (Ll ) @270 d ( dp) rtical straight cylindrical capillary model 39
v(r) = PRVATTCI ) m a7 vertical straight cylindrical capillary mode [39]
AP I 6) —1 [}
v(r) = Tl (r* —a*) — Ep,6§ [ ot/ 10) @ 600()a /%) cylindrical straight capillary model [28]
2p 2 E I
v(r) = ar [1 - (Z) ] _ ks [1 _ lo(xr) two-dimensional cylindrical micro-pore model [35]
4u a u Iy (ka)
‘=@t {1_C05h('€y*)/cos}'('€/2)} ¢ llel-plate channel model 36
v (r)—z( ff 1= tanh(xy")/(k/2) wo-parallel-plate channel mode [36]
1 AP I av
v(r) = — m (a®—-rH)—+ SO;r( [1 _ JoCer) curved cylindrical channel model [33]
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Figure 6. Variation of the dimensionless coefficient C with the dimensionless ratio

of pore size to Debye length.

4. EOF in nano porous media

Most of available researches were performed on the EOF in porous media with
regular pore size, where the thickness of EDL can be neglected. However, the
electroosmotic phenomenon in porous media with micro to nanoscale pores is
greatly influenced by the EDL, because the thickness of EDL is comparable to the
radius of the capillary and EDL poses certain hindrance to fluid flow. The classical
Poisson-Boltzmann equation cannot accurately describe the particle distribution
inside micro-nano channels/pores, especially in the region close to the solid phase.
This is mainly due to the fact that the interactions between ion-ion and solid wall
atom-ion are neglected in the continuum theoretical models, which become
significant at the nanoscale. Therefore, the EOF in nanoscale porous media bring
new challenges and attracted broad interests.

In order to measure the velocity distribution, concentration distribution and
flow patterns inside micro and nano-scale channels and pores, a few experimental
techniques were proposed and applied (as shown in Table 2). So far, visualization
experiment can be broadly categorized into trajectory line method [45], bright field
observation method [46], Micro-PIV particle velocimetry method [47], LIF (laser-
induced fluorescence) method [48], and chromatography techniques [49]. The
trajectory line method, also known as trajectory analysis, involves tracking the
movement path and velocity of tracer particles to obtain the fluid’s flow trajectories
and velocity distribution. The bright field observation method utilizes high-speed
cameras or microscopes to directly observe the flow behavior inside channels or
pores, capturing real-time flow images for studying fluid flow and separation
phenomena. The Micro-PIV (Particle Image Velocimetry) particle velocity
measurement method employs laser illumination and high-speed imaging technology
to track the positions of tracer particles at different time intervals, thereby obtaining
information about the fluid velocity field and other parameters. Laser-Induced
Fluorescence (LIF) utilizes laser illumination to excite fluorescent tracers in the fluid,
capturing the signals with a camera or spectrometer to obtain information about fluid
concentration distribution and particle transport. Chromatography techniques are
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employed to study the separation and diffusion of fluids in channels or pores. By
measuring the degree of separation and transfer rates, information about fluid
concentration distribution and separation efficiency can be obtained. These
visualization experimental techniques provide quantitative analysis of flow behavior
inside micro- and nano-scale channels and pores. By combining these experimental
techniques, researchers can investigate the physical mechanisms of fluid at the
microscale, and establish related mathematical models.

Table 2. The visualization experimental methods for nanoscale EOF.
Types Characteristic Parameter References
Trajectory Line Contact measurement, direct and simple, lower accuracy: . .

. . ’ ’ ’ 1 1 4

Method two-dimensional field measurement streamline, velocity [43]
Bright-field Non-contact measurement, direct observation, simple flow pattern. velocit [50]
Observation Method  structure p ? Y
Micro Particle Image ~ Non-contact measurement, high accuracy, capable of velocity vectors, flow field distribution, [51]
Velocity measuring both planar and three-dimensional velocity fields concentration
Laser Induced Non-contact measurement, high precision and resolution velocity vectors, flow pattern, [52]
Fluorescence concentration, temperature
Chromatography Non-contact measurement, two-dimensional field Two-dimensional flow field [49]
technology measurement

With the rapid development of computer technology, simulation methods
including molecular dynamics simulation (MD), Monte Carlo simulation (MC),
Brownian dynamics simulation (BD) and dissipative particle dynamics simulation
(DPD) have been frequently adopted to study and understand EOF mechanisms in
nanoscale porous media.

The MD utilizes Newton’s equations of motion to numerically solve the
classical mechanics equations for molecular systems, obtaining the system’s
trajectory and calculating its structural characteristics and properties. This method is
known for its high accuracy in computational results. Marx and Hutter [53] provided
a detailed introduction to ab initio MD, including the fundamental theory, electronic
structure calculations, and simulation techniques. Kim and Darve [54] investigated
EOF in charged nanoscale channels with different surface roughness using
equilibrium and non-equilibrium MD. Zhang et al. [55] developed a three-
dimensional MD model for EOF in rough nanoscale channels to explore the
influence of surface roughness on nanoscale EOF. Rezaei et al. [56] studied EOF of
aqueous solution between parallel silicon walls using MD, considering the effects of
changes in the EDL structure characteristics Gogoi et al. [57] discussed in detail the
EOF characteristics in rectangular graphene nanoscale channels with different charge
configurations using non-equilibrium MD. Dehkordi et al. [58] investigated the
effect of external electrostatic forces and external electric fields on the density,
velocity, atomic structure, temperature, and agglomeration of Fe3O4 nanoparticles in
copper microchannels using MD.

The MC method is a numerical computation method guided by probability and
statistical theory. It has been proposed in computational simulation on discrete
systems. Freund [59] conducted atomic simulations of EOF in nanoscale channels
using MC to study ion distributions. Lee et al. [60] numerically investigated the

10
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effect of alternating current EOF on the performance of a biosensor unit composed
of 400 nanometer wires using the MC method. Xin et al. [61], based on the improved
fundamental measure theory and partial perturbation density functional theory,
studied the distribution and density of ions in charged cylindrical pores with MC.

The BD can be used to simulate molecular motion and interactions, where
molecules are treated as moving in a continuous medium and subject to various
forces such as van der Waals forces, electrostatic forces and solvent molecule forces.
Marry et al. [62] obtained the distribution of counterions in mesoscale charged
porous media using BD and Poisson-Boltzmann. Panwar and Kumar [63] employed
BD to study the stretching and transport of flexible polymers in complex EOF.

The DPD is a mesoscale particle-based simulation algorithm, where a particle
represents a group of atoms retaining important chemical characteristics in order to
simulate the system with fewer particles instead of individual atoms. Using DPD,
Duong [64] proposed a mesoscale method to describe EOF in micro/nanofluidic
devices that were too large to be simulated using ab initio methods. Moshfegh and
Jabbarzadeh [65] conducted explicit mesoscale simulations of EOF in nanoscale
channels using an extended DPD approach. Smiatek and Schmid [66], used DPD to
simulate EOF in nanoscale channels under different surface slip conditions and ion
strength fluids, introduced appropriately tuned wall-fluid friction to systematically
adjust the slip length at the channel boundaries from negative to infinitely large
values.

5. Concluding remarks

EOF in porous media is an important physical phenomenon with wide-ranging
potential applications in various fields. This mini review provides overview on the
physical mechanisms and mathematical models of EOF in porous media, up-to-date
progress on EOF mechanisms in porous media has been summarized. And two
subtopics, simultaneous pressure and electroosmosis-driven flow, and nanoscale
EOF, have been explored. The advances in these two subfields are reviewed. The
present review help understanding the complex EOF mechanisms and explore
potential applications of EOF in engineering and industry.

Based on the present review, the following topics may be the future research
directions. (1) The unique EOF properties of novel porous materials can be explored
for potential applications in energy, environment and biomedical fields etc. (2)
Attention can be directed towards the coupling of electroosmosis with other physical
phenomena such as electrochemical reactions, heat conduction, and mass transfer.
These multiphysical fields may help exploring the role of EOF in broader domains,
such as battery technology, electrochemical sensors, and microfluidic control. (3) As
illustrated in this paper, EOF mechanisms for microscale and mesoscale porous
media have attracted broad interests. And a few mathematical models have been
proposed. However, multiscale EOF phenomena may coexist in multiscale porous
media, where multiple physical mechanisms govern EOF. Therefore, it is necessary
to develop physical models and numerical methods applicable to different scales,
thereby bridging the microscopic EOF with macroscopic system performance.

11
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