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Abstract: Compared to conventional reservoirs, the abundant nanopores developed in
unconventional oil and gas reservoirs influence fluid properties, with nano-confinement
effects. The phase behavior, flow characteristics, and solid–liquid interactions of fluids
are different from those in conventional reservoirs. This review investigates the physical
experiments, numerical simulations, and theoretical calculation methods used in the study
of nano-confinement effects in unconventional oil and gas energy. The impact of different
methods used in the analysis of fluid phase behavior and movement in nanopores is
analyzed. Nanofluidic, Monte Carlo method, and modified equation of state are commonly
used to study changes in fluid phase behavior. Nano-confinement effects become significant
when pore sizes are below 10 nm, generally leading to a reduction in the fluid’s critical
parameters. The molecular dynamic simulation, Monte Carlo, and lattice Boltzmann
methods are commonly used to study fluid movement. The diffusion rate of fluids decreases
as nanopore confinement increases, and the permeability of nanoscale pores is not only an
inherent property of the rock but is also influenced by pressure and fluid–solid interactions.
In the future, it will be essential to combine various research methods, achieve progress in
small-scale experimental analysis and multiscale simulation.

Keywords: nano-confinement effects; unconventional oil and gas energy; shale reservoir;
nanofluidic technology; molecular dynamic simulation; Monte Carlo method; lattice
Boltzmann method; equation of state; phase behavior; Knudsen diffusion

1. Introduction
Currently, with the continuous advancement of exploration and development tech-

nologies, unconventional oil and gas energy, including shale oil, shale gas, tight oil, tight
gas, and coalbed methane, as shown in the Figure 1, are gradually being developed and uti-
lized [1]. Among them, the technically recoverable resources of low-maturity and medium-
to high-maturity shale oil globally are substantial, amounting to 209.9 billion tonnes and
41.3 billion tonnes, respectively [2].

Research on unconventional oil and gas energy is highly significant, offering essential
support for energy security and economic growth. As conventional oil and gas resources
gradually deplete, unconventional oil and gas energy emerges as a key choice for optimiz-
ing energy structures, thanks to its abundant reserves and broad distribution [3]. Data
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from the U.S. Energy Information Administration estimate that global recoverable shale
gas reserves amount to about 214 × 1012 m3. Furthermore, unconventional oil constitutes a
larger share within formations compared to conventional oil reservoirs. The World Energy
Council identifies the U.S. as the world’s largest holder of tight oil reserves, followed by
China, Argentina, and Australia [4,5]. Table 1 lists the energy characteristics of different
countries. Developing these resources can significantly decrease reliance on imported
energy and improve regional energy independence, as exemplified by the U.S. shale revo-
lution [6]. Additionally, the development of unconventional oil and gas has significantly
driven economic growth, creating numerous jobs through technological innovations such
as horizontal drilling and hydraulic fracturing [7]. However, the development of uncon-
ventional resources faces challenges such as technical and economic feasibility, requiring
further research to improve extraction efficiency [8].
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of interest.

Table 1. Characteristics of energy resources across various countries [4].

Country Characteristics

USA
The total unproved technical recoverable tight/shale oil reserves are

estimated to be 174.0 billion bbls, whereas the gas recoverable gas
quantities are estimated to be 1611.1 TCF.

China

The geological resources of medium- and high-maturity shale oil are
approximately 100 × 108 t, while tight oil resources are about
178.2 × 108 t, shale gas is 650.44 × 1012 m3, and tight gas is

95.16 × 1012 m3.

Australia Shale gas reserves are 396 TCF, tight gas reserves are 20 TCF, and coalbed
methane reserves are 235 TCF.

Unconventional reservoirs, compared to conventional ones, are generally found at
greater depths, with well-developed nanopores and permeabilities typically less than
0.1 × 10−3 µm2 [9]. After reservoir modification, these unconventional reservoirs also ex-
hibit clear multiscale seepage characteristics. The presence of nanopores creates differences
between the development of unconventional and conventional energy resources, leading to
changes in the physical properties and flow characteristics of fluids in unconventional reser-
voirs. Therefore, research on fluids within nanopores has garnered considerable attention
from researchers [10].
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According to the International Union of Pure and Applied Chemistry definitions and
classifications, pores with a radius of less than 2 nm are defined as micropores, those
with a radius between 2 nm and 50 nm as mesopores, and those with a radius larger than
50 nm as macropores [11]. In the microscopic scale of nanopores within unconventional
reservoirs, particularly in micropores, the size of fluid molecules (e.g., methane with a
diameter of 0.38 nm, carbon dioxide with a diameter of 0.33 nm [12]) is comparable to the
pore size, leading to changes in fluid phase behavior, movement patterns, and fluid–solid
interactions. These differences are significant when compared to the micron-sized pores
of macroscopic conventional reservoirs and they greatly influence the understanding of
microscopic mechanisms and the selection of development methods in unconventional
oil and gas energy exploitation. Nanofluid mechanics is an emerging field of scientific
research that has not yet been fully explored by humans. Understanding nanoscale fluid
flow mechanisms is a crucial foundation for improving the effectiveness of unconventional
oil and gas energy development.

However, there is currently a lack of comprehensive summaries and analyses of
research techniques and results related to nano-confinement effects, which are essential for
advancing our understanding of fluid mechanisms in unconventional oil and gas energy.
This paper investigates the research methods used in studying nano-confinement effects in
unconventional oil and gas energy, and provides a summary and analysis of the physical
properties and movement characteristics of reservoir fluids under these effects (Figure 2).
The first section primarily discusses the impacts of nano-confinement effects on different
aspects of unconventional oil and gas energy development. Sections 2–4 focus on the
physical experiments, numerical simulations, and theoretical calculation methods used to
study nanopores, fluids, and their interactions, along with an analysis of the advantages
and disadvantages of each method and their specific applications in research. The fifth
section provides a comparative analysis of the results obtained from different research
methods in studying the effects of nano-confinement, offering a systematic understanding
of the differences between these methods in practical research. The final section summarizes
the key findings and suggests future trends in the development of unconventional oil and
gas energy technologies, with the goal of advancing the understanding of fluid properties
and flow mechanisms under nano-confinement effects, thereby enhancing the efficient
development and utilization of unconventional oil and gas energy.
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2. Physical Properties and Flow Characteristics of Fluids at the Nanoscale
In unconventional reservoirs, the fluid phase behavior and movement patterns within

nanopores differ from those in conventional reservoirs, influencing the development and
utilization of unconventional oil and gas energy. Figure 3 illustrates images of nanoscale
pores in unconventional reservoirs. In this section, the paper outlines the influence of
nano-confinement effects on fluid physical properties and flow characteristics, with the
goal of improving the understanding of mechanisms essential for the effective development
of unconventional oil and gas energy.
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2.1. Phase Behavior of Fluids

Nano-confinement effects have a certain impact on fluid phase behavior which is
shown in Figure 4, and changes in phase behavior subsequently affect the effective devel-
opment and utilization of unconventional oil and gas energy [16,17]. Components under
nano-confinement effects exhibit lower critical parameters compared to the bulk phase,
with deviations increasing as pore size decreases [18,19]. This is because, under nano-
confinement effects, solid–liquid interactions within pores are strong, mainly manifested
by a high proportion of fluid adsorption, which leads to changes in effective pore size
and contact angle, thereby enhancing capillary forces [20]. Capillary pressure significantly
affects the mass transfer behavior and thermodynamic properties of oil and gas, which
in turn influences the thermodynamic phase behavior, leading to differences between
the physical properties of fluids in nanopores and those of the bulk phase. Additionally,
these phase behaviors also affect fluid flow in porous media, ultimately impacting energy
production [21].

Unconventional oil and gas energy consist of multi-component hydrocarbons. Com-
pared to single-component substances, the phase diagram composed of pressure and
temperature (P-T) for multi-component substances features three regions and critical points
(Figure 4b): the liquid phase region, the two-phase coexistence region, and the gas phase
region; the critical point (the convergence of the bubble point line and the dew point line),
the critical condensate pressure point (the highest pressure point at which both phases can
coexist), and the critical condensate temperature point (the highest temperature point at
which both phases can coexist). Under nano-confinement effects, the P-T phase diagram of
shale oil, as compared to conventional reservoirs, exhibits a contraction trend toward the
vapor–liquid coexistence region, with the bubble point pressure, upper dew point pressure,
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critical pressure, and critical temperature of shale oil significantly lowered, and the critical
point is shifted to the lower left, which is shown in Figure 4c,d [16,21,22].
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2.2. Fluid Flow Mechanisms

Fluid movement occurs as convection within the pores, flow along the pore walls, and
diffusion. Under the influence of nano-confinement effects, molecules undergo three types
of diffusion within real channels: bulk diffusion, Knudsen diffusion, and surface diffusion
(Figure 5a). These three diffusion mechanisms combine to collectively influence the overall
diffusion behavior within a single pore. In an equivalent resistance model, molecular bulk
diffusion and Knudsen diffusion occur in series, while surface diffusion occurs in parallel
to these two [23]. For gas molecular movement in unconventional reservoirs, Knudsen
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diffusion and surface diffusion are the most extensively studied. When the molecular mean
free path λ is of the same order of magnitude as the pore size d, the collision frequency
between molecules and pore walls exceeds that between molecules themselves. Figure 5b
illustrates the diagram of the relative sizes of methane, carbon dioxide, water, octane
molecules, and carbon nanotubes. In this scenario, molecules primarily collide with
the pore walls rather than with each other [24]. Additionally, in organic nanopores, the
boundary slip velocity of shale gas is positively correlated with pressure differential and the
Knudsen number, and the fluid velocity perpendicular to the pore direction is non-zero [25].
Furthermore, wall interactions affect molecular collisions, rebounds, and movements,
leading to alterations in fluid velocity distribution under nano-confinement effects [26].
Table 2 provides a comparative analysis of the features of three diffusion mechanisms.

Table 2. Features comparison of three distinct diffusion mechanisms in porous media.

Types of Diffusion Feature Advantage Disadvantage

Bulk diffusion Primarily governed by
molecular interactions.

The flow velocity is highest, with
limited impact from pore walls,
facilitating easier modeling and

prediction [27].

When the pore diameter
approaches the molecular

diameter, conventional
research methods

become inapplicable.

Knudsen diffusion Molecules collide
within the pores.

This mechanism is widely
observed in the flow of fluids

within nanopores, and its study
contributes to a deeper

understanding of microscopic flow
mechanisms [24].

The flow velocity is slower
because of the high ratio of
molecular mean free path to

pore size [28].

Surface diffusion

Predominantly
influenced by

interactions between
molecules and

pore walls.

Substantial studies show that
adsorption layers constitute a

considerable portion in nanopores
[29]. Advances in this field can

effectively enhance the recovery of
unconventional oil and gas [30].

The flow velocity is the
slowest, primarily influenced

by pore walls, which is
unfavorable for enhancing oil

and gas recovery [31].

However, in real materials, pore structures possess highly complex geometries. Knud-
sen diffusion typically considers smooth cylindrical channels, which are far from the
actual pore structures found in reservoirs. Therefore, the relationship between pore shape
and diffusion and adsorption under nano-confinement effects is a critical research topic
(Figure 5c) [32]. In terms of adsorption measurement, Gibbs introduced the concept of
absolute adsorption capacity [33], which is primarily measured through isothermal adsorp-
tion experiments, including volumetric and gravimetric methods. When the size of the
diffusing molecules is comparable to the pore size, the complexity increases. Therefore,
studying the diffusion coefficient of fluids in nanoscale pores is also crucial [23]. Compared
to the traditional volumetric and gravimetric methods for measuring excess adsorption,
the nuclear magnetic resonance method offers a novel approach by directly measuring
adsorption capacity through the relaxation time contrast between gases inside and outside
nanopores [34].

For liquids, the permeability of unconventional reservoirs typically ranges from nan-
odarcies to microdarcies. Under the influence of nano-confinement effects, fluid flow
deviates from Darcy’s law, leading to increased attention on modifying the traditional lin-
ear Darcy relationship [35,36]. Furthermore, since fluids in nanopores flow at the molecular
level, the continuum assumption becomes invalid, rendering the Navier–Stokes equations
inapplicable (Equation (1)). However, given the very small free path of oil molecules, the
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continuum assumption remains valid for simulating fluid flow if slip and adsorption effects
are correctly accounted for during the simulation [37].

ρ(
∂u
∂t

+ (u·∇)u) = −∇p + µ∇2u + F (1)

where ρ is the fluid density, u is the velocity vector, t is the time, p is the pressure, µ is the
kinetic viscosity coefficient, and F is the external force.

Moreover, the influence of wall wettability on fluid flow is a critical aspect of un-
conventional oil development. Shale oil reservoirs are characterized by a complex pore
structure with abundant nanoscale organic and inorganic pores. Wall interactions during
fluid movement within pores significantly impact fluid flow in nanoporous media. The
slip length of fluids along the wall varies depending on the wettability of the adsorbed
phase within nanopores, thereby affecting the flow behavior (Figure 5d) [38]. Currently,
low salinity waterflooding, surfactant flooding and CO2 flooding are commonly used to
reduce the impact of wettability on crude oil flow [39–41].

Energies 2025, 18, x FOR PEER REVIEW 7 of 43 
 

 

where ρ is the fluid density, u is the velocity vector, t is the time, p is the pressure, µ is the 
kinetic viscosity coefficient, and F is the external force. 

Moreover, the influence of wall wettability on fluid flow is a critical aspect of uncon-
ventional oil development. Shale oil reservoirs are characterized by a complex pore struc-
ture with abundant nanoscale organic and inorganic pores. Wall interactions during fluid 
movement within pores significantly impact fluid flow in nanoporous media. The slip 
length of fluids along the wall varies depending on the wettability of the adsorbed phase 
within nanopores, thereby affecting the flow behavior (Figure 5d) [38]. Currently, low sa-
linity waterflooding, surfactant flooding and CO2 flooding are commonly used to reduce 
the impact of wettability on crude oil flow [39–41]. 

 

Figure 5. Changes in fluid flow mechanisms under nano-confinement effects. (a) Different diffusion 
mechanisms in porous media (molecular, Knudsen and surface diffusion) [23]. (b) Diagram of the 
relative sizes of methane, carbon dioxide, water, octane molecules and carbon nanotubes. (c) Sche-
matic of the three types of pore network and three types of pore shapes [32]. (d) Schematic diagram 
of the slip phenomenon in fluid flow within nanopores [38]. 

2.3. Changes in Other Areas 

2.3.1. High-Viscosity Layer near the Wall 

Compared to conventional reservoirs, shale and tight reservoirs have well-developed 
nanopores with a larger specific surface area. The flow of fluid within these pores is influ-
enced not only by the fluid’s physical properties and the material of the reservoir rock but 
also by interactions with the pore walls under nano-confinement effects. As the pore size 
decreases, nano-confinement effects become more pronounced, especially when the size 
is below 10 nm. The interactions between fluid molecules and the pore walls become dom-
inant, differing significantly from bulk fluid behavior, and the effects of surface–fluid in-
teractions cannot be ignored [42]. Because of the strong solid–liquid interactions, the fluid 

Figure 5. Changes in fluid flow mechanisms under nano-confinement effects. (a) Different diffusion
mechanisms in porous media (molecular, Knudsen and surface diffusion) [23]. (b) Diagram of the rel-
ative sizes of methane, carbon dioxide, water, octane molecules and carbon nanotubes. (c) Schematic
of the three types of pore network and three types of pore shapes [32]. (d) Schematic diagram of the
slip phenomenon in fluid flow within nanopores [38].
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2.3. Changes in Other Areas
2.3.1. High-Viscosity Layer near the Wall

Compared to conventional reservoirs, shale and tight reservoirs have well-developed
nanopores with a larger specific surface area. The flow of fluid within these pores is
influenced not only by the fluid’s physical properties and the material of the reservoir rock
but also by interactions with the pore walls under nano-confinement effects. As the pore
size decreases, nano-confinement effects become more pronounced, especially when the
size is below 10 nm. The interactions between fluid molecules and the pore walls become
dominant, differing significantly from bulk fluid behavior, and the effects of surface–fluid
interactions cannot be ignored [42]. Because of the strong solid–liquid interactions, the fluid
demonstrates a higher adsorption percentage, with molecules forming a high-viscosity
layer near the walls, as illustrated in Figure 6 [43,44].
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Figure 6. High-viscosity layer on the walls of nanopores. (a) The initial and final stages for multi-
component adsorption in organic slit-pore [44]. (b) Schematic diagram of nanopore walls forming a
highly viscous layer (left: large pores with negligible nano-confinement effects; right: small pores with
significant nano-confinement effects) [43]. (c) Mass density distribution of n-C8H18 in the 4.43 nm
carbon slit (353 K) [45]. (d) Effects of slit size on the mass density profiles for n-octane in carbonaceous
slits [45]. (e) Effects of single-component fluid and multi-component mixtures on the mass density
profiles for alkanes in a 4.54 nm carbonaceous slit [45].

The number of adsorption layers depends on the pore size and the composition of
the fluid. The adsorption characteristics are reflected in the density distribution within
the nanopores [45]. Figure 6 shows the fluid density distribution characteristics under
nano-confinement effects, quantitatively analyzed using molecular simulation methods. In
addition, there is a difference between the components of the fluid in the nanopore and the



Energies 2025, 18, 166 9 of 41

bulk phase [46]. This phenomenon affects not only the efficient development and utilization
of unconventional oil and gas energy but also the accurate evaluation and prediction of
recoverable reservoir reserves [47].

2.3.2. Imbibition

Imbibition is a common fluid flow phenomenon in porous media that occurs under
the influence of capillary forces or osmotic pressure. In the context of unconventional oil
and gas energy huff-puff development, imbibition plays a critical role [37]. Due to the influ-
ence of nano-confinement effects, fluids in unconventional reservoirs experience stronger
capillary forces, leading to more pronounced spontaneous imbibition. Hydraulic fracturing
is the predominant method for developing unconventional oil and gas resources, with evi-
dence showing that fractures significantly benefit the development process [48]. Hydraulic
fracturing helps increase the contact area between the matrix and the imbibing displacement
fluid, facilitating fluid imbibition and replacement, thereby enhancing oil recovery [49].
Imbibition occurs in a multiscale flow space, primarily within the matrix, flowing through
bedding planes to fractures and the wellbore. Jiang Tingxue et al. suggested that fractures
enhance imbibition effects, a viewpoint validated by Yang Zhengming et al. through com-
parative studies between artificial fractured cores and matrix cores [37,50]. Additionally,
Dehghanpour et al. discovered through experiments that as imbibition progresses, pore
pressure increases, promoting the extension of existing fractures [51].

Moreover, in nanopores, the impact of surface roughness on fluid flow is more sig-
nificant, and the dynamic contact angle between fluid and solid further influences fluid
imbibition in nanopores. In micropores, the contact angle of fluids is independent of pore
size. However, in nanopores, physical properties such as contact angle and surface tension
are constrained by the pore size, complicating the calculation of capillary forces and the
mechanisms of imbibition [52,53]. Surfactants are frequently employed in research to
modify the contact angle and surface tension between the fluid and the nanopore walls,
thereby promoting imbibition [9]. Surfactants are primarily used to reduce interfacial
tension during oil displacement and alter wettability. Currently, surfactants employed in
imbibition processes fall into three categories: cationic surfactants, anionic surfactants, and
nonionic surfactants. In shale reservoir development, anionic surfactants are commonly
used because positively charged organic matter in crude oil tends to adsorb onto positively
charged shale reservoirs through electrostatic interactions. Anionic surfactants form ion
pairs with these organic compounds, facilitating desorption and improving surface wet-
tability [9,54]. In carbonate reservoirs, cationic surfactants are typically used to alter pore
wall wettability while reducing adsorption [55]. Moreover, imbibition correlates with crude
oil recovery, where oil recovery increases as water flooding pressure rises, but recovery
by imbibition in nanopores decreases [56]. Fracturing increases the contact area between
the matrix and the displacing fluid, encouraging imbibition and improving oil recovery
rates [48,50].

2.3.3. Minimum Miscibility Pressure

In the context of global climate change, carbon capture, utilization, and storage (CCUS)
have garnered growing attention, and CO2 flooding is recognized as an effective carbon
utilization method that enhances unconventional oil and gas energy development efficiency
(Figure 7a). In the reservoir state, CO2 is in a supercritical state and is more likely to form a
miscible phase with crude oil (Figure 7b). The key to enhancing oil recovery through CO2

flooding is the miscibility with crude oil (Figure 7c), which lowers interfacial tension [57].
Minimum miscibility pressure (MMP) is an important parameter in energy development.
When the pressure is below the MMP, diffusion becomes the main driving force for mass
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transfer between CO2 and oil. When the pressure is above MMP, CO2 gradually becomes
miscible with crude oil, the two-phase interface disappears, capillary forces decrease,
and crude oil mobility improves (Figure 7d) [58]. In recent years, studies on enhancing
oil recovery in nanopores using CO2 flooding have been on the rise [59,60]. The nano-
confinement effects on fluid behavior cannot be ignored (Figure 7e). In nanopores, light
components are more likely to enter the oil phase, reducing the compositional and density
differences between the gas and liquid phases, which facilitates CO2 miscibility with shale
oil and enhances oil recovery [61]. Additionally, the interfacial tension of confined fluids is
closely related to the strength of nano-confinement effects. As nano-confinement effects
intensify, interfacial tension decreases, making it easier for crude oil and CO2 to achieve
miscibility [62].

Figure 7. (a) CCUS process in the oil and gas energy sector [57]. (b) Carbon dioxide phase diagram.
(c) Microscopic diagram of CO2 miscible flooding (the arrow indicates the degree of miscibility
between CO2 and crude oil over time.). (d) Molecular behavior of oil and water below and at
the MMP (the arrow indicates the possible direction of molecular motion.) [58]. (e) The MMP in
nanopores decreases compared to the bulk phase, and the MMP is further reduced by considering
the adsorption phenomenon in nanopores [59].
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2.4. Summary

This section primarily investigates and analyzes the changes in fluid physical proper-
ties and flow mechanisms under nano-confinement effects, divided into three subsections:
changes in fluid phase behavior, alterations in flow mechanisms, and other related changes.
The phase diagram of fluids in nano-reservoir pores of unconventional oil and gas energy
exhibits a contraction trend compared to bulk-phase fluids, with reduced critical parame-
ters, primarily due to the effects of capillary forces on mass transfer and thermodynamic
properties. Furthermore, fluid mobility in nanopores is more significantly influenced by
pore walls, necessitating a focus on Knudsen diffusion and surface diffusion. Finally, the
high-viscosity layer formed on nanopore walls should be emphasized as it greatly affects
fluid flow. In unconventional oil and gas development, imbibition effectiveness is influ-
enced by various coupled factors, with high capillary pressure in nanoscale pores serving as
the main source of imbibition force. For the widely studied CO2 flooding in unconventional
energy development, nanoscale pores reduce the miscible pressure between CO2 and crude
oil, enhancing oil and gas recovery rates.

3. Physical Experimental Methods
In the process of unconventional oil and gas energy development, small-scale effects

in nanopores, as mentioned earlier, are frequently encountered. Several small-scale experi-
mental analysis methods have been developed to study such issues. This section introduces
the physical experimental methods used to study nano-confinement effects, highlighting
the advantages and disadvantages of each method, and discussing their development and
application in unconventional oil and gas energy research. It is worth noting that this sec-
tion contains not only the experimental methods for studying fluid flow within nanopores
but also the analytical techniques for nanopores where nano-confinement effects occur.

3.1. Nanofluidic Technology

Nanofluidic technology is a method used to study fluid transport and related physical
properties at the nanoscale, with a wide range of applications, including but not limited to
clinical diagnostics, cell analysis, drug metabolism, and environmental analysis [42,63–65].
In energy development, this technology enables the creation of pore sizes and connectivity
networks that match those in porous media, using high-magnification microscopy and sen-
sors to display changes in the physical parameters of fluids (Figure 8). Micro/nanofluidic
technology is often used to improve measurement efficiency and is compared with nu-
merical simulations, providing a transparent window into unconventional oil and gas
energy development by visualizing fluid flow and phase behavior under reservoir condi-
tions [66]. Its advantages include the ability to study small-scale and multiscale problems.
However, its limitations include the use of optical methods for experimental observation,
which restrict material selection, and the fact that simulation results may differ from actual
reservoir conditions.

As early as the 1970s, Bonnet and Lenormand constructed microfluidic networks
using photoresist and, combined with imaging techniques of the time, provided the first
pore-scale quantification of fluid phase behavior [67]. Early microfluidic experiments
testing fluid phase behavior used polydimethylsiloxane as the chip material [68]. How-
ever, due to the high-temperature and high-pressure conditions of reservoirs and the
chemical complexity of fluids like oil and gas, more stable silicon-based materials such
as silicon, quartz, glass, and their oxides/nitrides are required for testing reservoir fluids
(Figure 8a,b [17,58,66,69–73]. However, these materials still differ from actual reservoir
conditions, and the development of nanofluidic technology is closely tied to creating
nano-controlled channels that better match real-world conditions and meet experimental
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requirements. Compared to silicon-based materials, carbon nanotubes, which have been
commonly used in molecular dynamic simulations to model kerogen molecules in shale oil,
have applications in nanofluid control research in other fields and may be applied in future
experimental studies for unconventional oil and gas energy development [74–76].

In testing fluid physical properties, traditional micro/nanofluidic technology tests use
a piston to apply pressure at both ends of the fluid, with volume and pressure measured
by the piston’s position at different temperatures, but the accuracy is limited. Therefore,
an efficient microfluidic technology was developed by Mostowfi using standard silicon
photolithography, reactive ion etching, and anodic bonding, with serpentine microchannels
set up and optical pressure sensors used to measure local pressure, marking the first appli-
cation of microfluidics to measure phase behavior in hydrocarbon systems [77]. However,
due to the high-pressure drop channel at the outlet of Mostowfi’s method, maintaining
internal pressure was difficult. Building on this, a dynamic stop-flow mode was developed
to rapidly measure fluid pressure and temperature parameters (Figure 8c). This flow mode
was achieved by adding low-resistance bypass flow channels in parallel to reduce flow
speed, allowing the capture of flow states at a lower camera sampling rate (from 300 fps in
continuous flow to 4 fps). The accuracy of these measurements was verified using PR-EOS
and literature comparisons [78]. To enhance testing efficiency, a microfluidic device was
developed to incorporate multiple temperature and pressure conditions, enabling multiple
measurements in a single run (Figure 8d) [79]. To further downscale the measurement,
nanofluidic control chips can now be used to study phase transitions in pores smaller than
100 nm (13 nm) and to conduct nanofluidic experiments at high temperatures and pressures
(150 ◦C and 40 MPa) [17,70,80].

In terms of analysis methods, high-resolution imaging techniques are often used, such
as confocal Raman microscopy to analyze CO2 solubility in different fluids and inverted
confocal microscopy equipment to study the effects of nano-confinement on fluid phase
behavior [81,82]. In addition, optical measurement methods such as Raman spectroscopy
can be used to analyze phase behavior in capillary multiphase flow. Fluorescence analysis
(using ImageJ software) and high-speed cameras (PCO 1200s) can be used for rapid mea-
surement and analysis of the minimum miscibility pressure between CO2 and reservoir
fluids in micropores (Figure 8e) [58,83]. Finally, highly miniaturized sensors manufactured
using MEMS technology can be applied to the precise measurement of fluid physical
properties in nanopores, which is likely to be a future trend in precision analysis and
measurement on a microscale [71].
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Figure 8. (a) The nanofluidic devices fabricated through reactive ion etching of silicon with maximum
operating pressures and temperatures of 40 MPa and 150 ◦C, respectively [70]. (b) Nanofluidic
chips made of glass [82]. (c) A generalized cyclic method for constructing pressure–temperature
phase diagrams by bubble dew point detection and phase envelopment [78]. (d) Schematic of the
microfluidic fluid phase-mapping device [79]. (e) Schematic of the nanofluidic technology system,
with images analyzed using ImageJ software [83].

3.2. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) measurements rely on the differences in spin
motion of atomic nuclei, with research parameters determined through the measurement
of atomic relaxation spectra. Compared to image analysis methods, NMR offers higher
accuracy, avoiding the appearance of “false pores” that may occur during manual pore
segmentation [84]. Compared to material injection methods, such as mercury intrusion
or nitrogen adsorption, NMR is an emerging non-intrusive technique. It uses the melting
points of saturated fluids within pores to detect pore size distributions, offering an efficient
means for quantitative analysis. This method allows for the evaluation of pore structures,
identification of pore fluids, study of fluid–rock interactions, and recording of fluid phase
transitions in porous media under varying temperatures [85,86]. The limitation of this
technique is that it provides overall characteristics of the sample but lacks the ability to
capture specific details [87].
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In terms of pore characterization, conventional NMR methods are no longer suitable
for unconventional oil and gas energy development research due to accuracy limitations.
NMR cryoporometry, which enhances testing precision, is now widely used to study
pore size distributions and pore volumes in nanopores [86,88]. However, this technique
depends on changes in the melting temperature of saturated fluids [89]. In the future, it
can be combined with technologies such as FIB-SEM to improve the accuracy of nanopore
characterization [90]. The resolution of NMR cryoporometry is determined by the Gibbs–
Thomson coefficient of the adsorbed liquid and the instrument settings. Low-temperature
NMR relaxation exhibits significant differences in transverse relaxation times between
liquid and solid states, offering a broad range for measuring pore size distributions [87].
In addition, low-field NMR T2 spectra cannot measure organic materials like kerogen in
unconventional reservoirs. However, at high frequencies (400 MHz), it can successfully
measure pore characteristics in shale, reducing noise and scan time [91,92].

In specific experimental studies, NMR technology can be used to study the occur-
rence state of fluids in pores under nano-confinement effects and determine the minimum
mobilizable pore size [93,94]. It can also detect diffusion and the migration of substances,
analyze the effect of different surfactants on fluid spontaneous imbibition in nanopores, and
quantitatively evaluate the effectiveness of CO2 flooding at different pressures in nanopores
to enhance oil recovery [9,95–97].

Compared to 1D NMR, 2D NMR can not only characterize pore features but also
more accurately identify fluids [98]. 2D NMR can resolve the issue of overlapping fluid
signals in 1D NMR T2 spectra. D-T2 mapping can be used to identify fluids based on their
different diffusion constants, but has been applied to only a few studies [99]. Another
more practical spectrum is the T1 and T2 spectra. The structure and composition of rocks
influence the longitudinal (T1) and transverse (T2) relaxation mechanisms in NMR. The T1

and T2 distributions of fluids are related to molecular motion, allowing NMR to characterize
pore structures and distinguish fluid types [100,101]. In recent years, 3D NMR technology
has been introduced into energy research [85,102]. 3D NMR expands the parameters to
include relaxation times (T1, T2) and diffusion coefficients (D) to identify reservoir fluids
based on the distribution of oil, gas and water, further improving material identification
accuracy [103]. In the future, this technology is expected to be applied to the study of
nano-confinement effects in unconventional oil and gas energy, promoting understanding
of microscopic pore and fluid mechanisms.

3.3. Nano Computed Tomography

Nano computed tomography (nano-CT) is a non-destructive imaging technique based
on the principle of exponential attenuation of X-ray intensity as it penetrates matter (low-
density areas appear black with small attenuation coefficients, while high-density areas
appear white with large attenuation coefficients). It is widely applied to pore detection in
unconventional reservoirs. Unlike nanofluidic technology, this method enables dynamic
optical observation of the interior of natural cores and allows for sample scanning analysis
and three-dimensional (3D) reconstruction. A limitation of this method is that the threshold
selection during 3D reconstruction can affect subsequent simulation results. It can be
combined with SEM and NMR to achieve more accurate research outcomes [87]. In pore
structure and connectivity evaluation, nano-CT technology also supports the identification
of microscopic pore structures and the evaluation of pore networks and connectivity in
unconventional oil and gas energy [104].

In 1991, Dunsmuir introduced CT technology to the petroleum industry [105]. Over the
past few decades, this technology has been extensively applied to reservoir pore evaluation
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and the visualization of fluid migration [106,107]. For unconventional reservoirs, this
technology provides two key application advantages.

3.3.1. Pore and Fluid Characterization

In the energy industry, nano-CT technology is directly applied to the characterization
of pore structure and distribution [108]. This technology can be combined with high-
temperature and high-pressure physical simulation experiments to study the evolution
of 3D porosity in shale as its thermal maturity increases [109]. When integrated with
focused ion beam scanning electron microscopy (FIB-SEM) technology, it can investigate
the wettability and spontaneous imbibition of nanoscale ultra-tight shale reservoirs [110].
Additionally, it can be combined with experimental techniques to quantitatively analyze
the anisotropy of permeability in shale reservoirs [111]. In current reservoir pore research,
micron-scale CT is commonly used [112]. However, for the unique small-scale charac-
teristics of unconventional reservoirs, precision gaps still exist. Future research in this
area will focus on expanding small-scale CT studies, potentially including contrast agent
injection and intelligent multiscale imaging. Furthermore, real-time CT technology (4D:
three-dimensional space and real-time scanning) will improve our understanding of the
dynamic microscopic structures and mechanisms in unconventional reservoirs.

3.3.2. Preprocessing for Numerical Simulations

In recent years, with the continuous enhancement of computational power, microscale
numerical simulation methods have been increasingly researched and applied. In studying
nano-confinement effects in nanopores, nano-CT technology provides microscopic pore
structure characteristics to other numerical simulation methods, serving as a valuable aid
for other numerical simulation methods. A commonly used method to study confinement
effects in nanopores involves scanning rock pore structures using nano-CT, combining this
with digital core technology, and using the lattice Boltzmann method (LBM) to analyze
fluid flow [113–115]. Additionally, micro- and nano-CT can be combined with the finite
element method, or with molecular simulations (GCMC) to study fluid adsorption behavior
in different pore structures [116,117]. Digital core technology, which accurately reflects the
true pore structure of reservoirs, can be combined with nano-CT and FIB-SEM to study
full-scale pore structures of rocks, enabling 3D reconstruction of cores and extraction of
pore network models (PNM) for multiscale research [118].

3.4. Scanning Electron Microscopy

When the pore size in the reservoir is at the nanoscale, the internal surface area is
relatively large, leading to stronger interactions with reservoir fluids, which can affect
the occurrence states of different fluid components [119]. Therefore, the study of pore
structure becomes critically important. Optical microscopy cannot observe nanopores,
so electron microscopy is necessary for examining nanoscale pores. SEM images offer a
clear observation of the specific characteristics of pores in unconventional reservoirs and
facilitate microscale analysis of porous media components, including organic materials in
inorganic matrices [120]. When SEM is used, samples are typically polished layer by layer
for imaging, achieving high resolution. Its characteristics are as follows: compared to CT
technology, this method partially destroys the rock sample, cannot reveal pore depth or
the spatial distribution of reservoir pores, and has a limited field of view, providing an
incomplete depiction of the sample [112]. However, SEM achieves a higher resolution than
CT scanning, making it easier to distinguish between rock pores and the matrix.

In 2007, SEM was initially applied to observe pore types in the Longmaxi Formation
of unconventional reservoirs [121]. By 2010, this technology had advanced to produce
3D images of pores with a resolution of 4–5 nm [122]. Since then, researchers have fre-
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quently used SEM, FIB-SEM, and FESEM-FIB techniques to analyze the pore structures of
unconventional oil and gas energy reservoirs [47,123,124]. Moreover, SEM observations
of pore structures have shown the critical role of organic pores in the development of
unconventional oil and gas energy [125,126]. SEM images show that most pores smaller
than 50 nm in shale reservoirs are located within kerogen, i.e., in organic pores, leading to
differences in interfacial phenomena such as fluid adsorption and desorption compared to
conventional reservoirs [127].

However, the analysis area and scale of this method are limited, and the connectivity
of the 3D pore network remains uncertain. Therefore, multiscale imaging techniques have
increasingly gained the attention of researchers to obtain more comprehensive information
about pore characteristics [128]. SEM images can be used to generate 3D data sets for
reservoirs and to reconstruct the 3D volume characteristics of rocks from 2D images [119].
Therefore, this method is often used as a supplement to other methods in pore character-
ization when studying nano-confinement effects on unconventional oil and gas energy
development and utilization. In research, it is often combined with nano-CT to achieve
detailed and comprehensive pore network characterization [87,110], and paired with nu-
merical or experimental methods for micro- and multiscale seepage studies [118,129]. For
example, this method is often combined with pore network models to simulate seepage in
unconventional oil and gas energy reservoirs [130]. Additionally, to achieve more precise
characterization of pore structures, current studies employ neural network methods to
segment the obtained binary pore images [131].

3.5. Summary

Microscopic experimental methods and analytical techniques are direct tools for study-
ing nano-confinement effects. Nanofluidic technology makes microscopic visualization
experiments possible and has been well-applied in the analysis of fluid phase behavior
at the nanoscale, but it still has certain limitations. For example, the pore sizes of cur-
rently manufactured chips differ from those in actual unconventional reservoirs, making
it difficult to study fluid properties at smaller scales. Currently, silicon-based chips are
predominantly used, which differ from actual reservoir materials. In terms of analytical
methods, more extensive application of MEMS in analyzing fluid properties in chips is
expected in the future.

Additionally, nano-CT, NMR and SEM are analytical techniques for nanopores and
fluids, widely used in unconventional oil and gas research. Nano-CT technology not only
characterizes the pores of unconventional oil and gas reservoirs but also plays a role in
pre-processing models for numerical simulations. NMR can quantitatively characterize
nanopores and fluids, but it cannot capture the distribution characteristics of samples. In
the future, higher-dimensional NMR technology should be introduced into unconventional
oil and gas research to enhance our understanding of microscopic mechanisms. SEM can
achieve higher resolution compared to nano-CT, but it cannot capture the three-dimensional
characteristics of samples. Combining SEM with nano-CT is a way to improve analytical
accuracy. Additionally, DSC, SAXS, and gas absorption methods are also techniques for
analyzing nanopores and fluids, applicable to different scenarios and capable of being
integrated with other methods to improve analytical precision and accuracy.

4. Numerical Simulation Methods
With the development of computational science and improvement in computational

power, simulation methods have been widely used to study the physical properties and flow
mechanisms of fluids in nanopores, making up for the limitations of physical experiments.
The Knudsen number is the ratio of the fluid molecular mean free range to the pore
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diameter [132], and the magnitude of Knudsen number is commonly used by researchers
to determine the flow state of a fluid and to select an appropriate simulation method.
When the Knudsen number is less than 0.001, molecular collisions dominate, and fluid
flow simulation can be carried out using the continuum assumption and no-slip boundary
conditions by solving the Navier–Stokes (N-S) equations. When the Knudsen number is
between 0.001 and 0.1, molecular collisions and collisions with the nanopore walls are
comparable, and the continuum assumption with slip boundary conditions can be used.
The N-S equations remain applicable. When the Knudsen number is greater than 0.1,
collisions between molecules and nanopore walls dominate, and the continuity of fluid
microelements can no longer be maintained. The continuum assumption breaks down,
and molecular or mesoscopic simulation methods must be used (Figure 9a–c) [133,134].
The mean free range of oil and gas fluid molecules is similar to the nanoscale pore size of
unconventional reservoirs, with large Knudsen numbers and obvious nano-confinement
effects, which need to be investigated by molecular and mesoscopic scale simulation
methods. Therefore, this paper reviews three microscale numerical simulation methods in
this section (Figure 9d–f), and summarizes and analyzes the advantages and disadvantages
of their existence and use scenarios.
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4.1. Molecular Dynamic Simulation

Molecular dynamic (MD) simulation is based on Newtonian mechanics, using compu-
tational techniques to simulate molecular interactions and movement at the molecular and
atomic scales, enabling the study of microscopic fluid molecular motion mechanisms. MD
was first used by Alder and Wainwright to study the dynamics of hard-sphere gases [137].
Later, Rahman introduced molecular dynamics into liquid simulations and performed de-
tailed studies of liquids using the Lennard–Jones potential [138]. With the advancement of
computer hardware and algorithms, this molecular-scale research has been realized and fur-
ther developed [139]. This method is applicable to both equilibrium and non-equilibrium
systems. Equilibrium MD can quantify the structure and diffusion properties of confined
fluids, whereas non-equilibrium MD simulations can evaluate the transport properties of
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confined fluids [140,141]. The process of predicting molecular diffusion in microporous
crystalline materials using MD simulations involves calculating the forces on all atoms at
each time step and integrating Newton’s equations of motion over time [23]. However, this
method has certain limitations, such as requiring significant computational time since it
simulates the behavior of individual molecules at the microscopic scale. Commonly used
simulation software to include Materials Studio 2023(23.1.0.3829) (commercial software)
and Large-scale Atomic/Molecular Massively Parallel Simulator (29 August 2024 version)
(open-source software).

MD simulations are often used to study molecular adsorption and desorption in
nanopores of unconventional oil and gas energy. Billemont and You Jing, for example,
used MD simulations to create a bituminous coal model and investigate methane and CO2

adsorption in coal seams [142,143]. Additionally, MD methods are often applied to study
the adsorption effects of pore walls on hydrocarbons [144,145], the adsorption behavior of
fluids in shale pores, and their impact on oil recovery [45]. Ambrose et al. used the MD
simulation method to calculate in situ gas, achieving a 10–25% improvement compared
to traditional calculation methods [47]. Sun Linghui et al. studied fluid adsorption in
nanopores using MD simulations, concluding that oil molecules exist only in an adsorbed
state in narrow pores smaller than 3 nm, while both adsorbed and free states coexist
in larger pores [146]. Moreover, equilibrium and non-equilibrium MD simulations are
frequently used in research to characterize the density distribution of fluids in nanopores
under different conditions [120,147].

MD simulations are also extensively used to study fluid diffusion and transport in
nanopores. It can predict not only the self-diffusion coefficient of molecules but also Fickian
(or “transport”) diffusion coefficients and Maxwell–Stefan diffusion coefficients [148]. At
the microscopic scale, calculating fluid flow using Knudsen diffusion and fluid dynamics-
related formulas (such as the Hagen–Poiseuille equation) can result in significant errors.
In such cases, dual-control volume-grand canonical molecular dynamics (DCV-GCMD)
simulations can be used to study fluid flow in nanopores [141,149–151]. MD can simulate
the diffusion of shale gas in single and multiple pores, but due to computational limitations,
it has not yet been applied to simulate multiphase fluid flow in porous media [152]. The
fluid velocity in nanopores is influenced by pore size and pressure. Wang Sen et al. used MD
simulations to study fluid velocity in nanopores of unconventional oil and gas reservoirs,
with pore sizes ranging from 2.08 to 10.0 nm and fluid viscosity ranging from 24.40 µPa·s
to 24.67 µPa·s. Their study showed that methane molecules move significantly faster as
the slit pore size increases, while smaller pores result in larger slip lengths [153]. Yu Hao
et al. used MD simulations to study fluid velocity in nanopores under varying pressures,
showing that methane adsorption on pore walls decreases with lower pressure, while fluid
velocity near the walls increases as pressure drops [151]. Additionally, researchers have
used this method to study the effects of mineral composition, roughness, and pore surface
morphology on fluid transport [154].

MD simulations can also be used to study the relationship between pore size and fluid
phase behavior under nano-confinement effects [155]. However, the study of fluid phase
behavior in nanopores requires the use of additional programs, and there is still room for
improvement in the research methods. Additionally, this method can be used to study the
capillary condensation mechanisms of different mass components in nanopores [156].

4.2. Monte Carlo Method

The Monte Carlo (MC) method is a statistical sampling technique based on probability
theory and mathematical statistics, using random numbers (or more commonly pseudo-
random numbers) to solve real-world problems. It is often used to solve problems with
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inherent randomness and to study physical quantities that are difficult to observe under
current conditions. Due to its randomness, the MC method has advantages over MD simu-
lations, such as simpler programs and lower computational resource requirements [157].
However, to ensure that the random independent experiments produce consistent patterns,
a large number of repetitions are needed to reach a confidence level. In 1953, Metropolis
conducted the first MC simulation of fluids [158].

The MC method is a commonly used approach for studying the thermodynamic
properties of fluids in nanopores. Compared to MD simulations, it does not need to follow
natural paths, allowing molecules to move randomly, with some movements corresponding
to large jumps in phase space [157]. Methods such as grand-canonical Monte Carlo (GCMC)
and Gibbs ensemble Monte Carlo (GEMC) are well-suited for simulating phase separation
and phase equilibrium in small pores and porous media [159]. GCMC is based on generat-
ing a series of molecular configurations with correct energy and density distributions using
a Markov chain. It modifies the molecular configuration by creating new molecules at ran-
dom locations, destroying existing molecules, or replacing molecules with random carriers.
Singh used configurational-bias grand-canonical transition-matrix Monte Carlo simulations
to explore how nanopore confinement affects the thermophysical properties of fluids [160].
Compared to traditional GCMC simulations, the GEMC method directly provides the den-
sity of coexisting phases in nanopores. It can establish phase equilibrium within nanopores
and obtain more accurate pressure data for different fluid phases, avoiding the issue of
determining phase transition locations [135]. In 2019, Sobecki developed a more stable
GEMC NPT bubble-point Monte Carlo method within the GEMC NVT to estimate the
thermodynamic properties of confined mixtures in nanopores at equilibrium [161].

Furthermore, the MC simulation method is well-suited for simulating fluid behav-
ior in nanopores, and compared to MD simulations, it is more efficient in generating
adsorption isotherms and offers greater convenience in simulation. Malek and Coppens
conducted three-dimensional dynamic Monte Carlo simulations of Knudsen diffusion
to investigate the effects of surface roughness on transport and self-diffusion [162–165].
However, traditional MC simulation methods cannot simulate long-chain alkanes. The
configuration-bias Monte Carlo (CBMC) method effectively improves the sampling effi-
ciency of chain molecule conformations, making long-chain alkane simulations possible.
Jiang Jianwen used CBMC simulations to study the adsorption and separation of alkane
mixtures in carbon nanotubes [157]. The GCMC method is also widely used to study
adsorption and transport behavior in nanopores, as discussed above. It is often used to sim-
ulate the competitive adsorption behavior of hydrocarbons and CO2 mixtures in nanopores
and to study the transport of hydrocarbons in nanoporous media [142,143,166–168].

4.3. Lattice Boltzmann Method

The lattice Boltzmann method (LBM) was originally based on the lattice gas automata,
developed in the 1970s, which models a continuous fluid as a collection of virtual particles.
Space and time are discretized into discrete units, and particles migrate and collide on a grid
according to certain rules, with the macroscopic behavior of the fluid being derived through
statistical analysis of local interactions. The governing equation of LBM (Equation (2)) is a
discrete form of the Boltzmann equation.

fi(x + ci∆t, t + ∆t) = fi(x, t)− ∆t
τ
( fi(x, t)− f eq

i (x, t)) (2)

where f is the density distribution function, ωi is the weighting factor; ci is the lattice
velocity in the i direction; τ is the relaxation time; and f eq is the equilibrium particle
distribution function.
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It uses a physical approach but does not account for molecular-level interactions [169].
The interactions between molecules and between molecules and pore walls are incorporated
as external forces. As interaction forces between particles and walls were incorporated, LBM
gained increased attention for its utility in fluid dynamics simulations [170–172]. In LBM
simulations, the discrete velocity set describes how particle groups migrate to neighboring
nodes in specific directions and with specific weights after collisions. The D2Q9 model
was widely used in early studies [173]. As research progressed, finite-difference LBM was
used to address the effects of complex boundary conditions on slip velocity [174–177]. This
method allows different propagation velocities on the same lattice, with velocity dependent
on fluid particle mass and lattice spacing [178], making it suitable for multi-component
systems and multi-speed thermal models [179]. LBM is used to study fluid motion at the
mesoscale [180]. Its core components include the particle distribution function, discrete
velocity models, and equilibrium particle distribution. Compared to MD and MC methods,
LBM has the advantage of lower computational cost.

LBM can be applied to simulate fluid flow under nano-confinement effects. The
boundary conditions in LBM transmit particle groups. Compared to traditional numerical
methods, LBM has higher degrees of freedom and requires handling larger numbers
of particle groups. Therefore, earlier researchers used different boundary conditions to
simulate microscale fluid flow, including diffuse reflection lattices [181], finite-difference
LBM schemes [179], wall quasi-equilibrium schemes [182] and second-order slip bounce-
back combined with specular reflection schemes [183]. However, these boundary conditions
did not account for fluid adsorption and desorption in nanopores. The introduction of
Langmuir boundary conditions resolved this issue and was applied to simulating seepage
in organic pores in shale gas [25]. However, Langmuir boundary conditions could not solve
micro-flow issues. To accurately study gas transport mechanisms in shale reservoirs, Gupta
introduced the Langmuir-slip boundary condition, which effectively handled micro-flow
problems [184]. Previous research paid little attention to critical fluid adsorption behavior,
and the study of critical fluid adsorption in shale nanopores should not be overlooked [185].

In future research on multiscale problems, coupling LBM with MD simulations for
modeling unconventional oil and gas energy development will be highly valuable. At
present, these two methods can be coupled in two ways: bidirectional coupling (where over-
lapping regions are linked by resetting MD to match LBM or vice versa) and unidirectional
mapping (where MD results are “mapped” into LBM) [186–189].

4.4. Summary

Numerical simulation methods address the limitations of microscopic experimental
methods in terms of research scale and material selection, serving as a valuable comple-
ment to physical experimentation. MD is a computational method used to simulate the
interactions and movements of molecules, primarily applied to study fluid adsorption
and desorption in nanopores, as well as fluid motion within these pores. However, MD
simulates molecular behavior on a microscopic scale, requiring substantial computational
power, making the process time-consuming and limited by computational capacity. The
MC method, compared to MD simulations, is relatively simpler and requires fewer compu-
tational resources, making it commonly used in studying the effects of nano-confinement
on fluid phase behavior. However, it is based on probability theory and statistical methods,
and thus exhibits stochastic characteristics. The LBM assumes fluids as aggregates of
particles and serves as a mesoscale simulation method. It is frequently used to study fluid
motion under nano-confinement effects. While LBM can simulate larger scales compared
to MD, it is unable to capture molecular interactions at the microscopic level.
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Compared to experimental methods, microscale simulation methods provide more
precise analysis of microscopic pores and fluids. However, simulation technologies need
to be integrated with physical experimental methods and cross-validated to truly foster
the development of both theoretical and practical applications. Additionally, there are
still limitations in the research on multiscale simulation methods. The future goal is to
integrate microscopic molecular-scale simulations with mesoscale, and even macroscale
simulations, to achieve multiscale simulation, which remains a constant pursuit. Table 3
provides a comparative analysis of three numerical simulation methods for investigating
nano-confinement effects.

Table 3. Comparison of three numerical simulation methods applied to nano-confinement effects.

Numerical
Simulation

Methods
Feature Advantage Disadvantage

MD
Based on Newtonian

mechanics, it investigates
intermolecular interactions.

Enables the study of nanoscale
microscopic mechanisms,

primarily applied to simulating
fluid adsorption and desorption,

as well as fluid transport behavior
in nanopores.

Limited by computational
power, the simulation scale

is relatively small.

MC
Based on probability theory, it

examines the random
distribution of molecules.

Requires fewer computational
resources, making it relatively

simple to simulate, and is
primarily used for studying fluid

phase behavior.

Exhibits randomness,
resulting in reduced

accuracy compared to
MD simulations.

LBM

Based on the Boltzmann
equation, it employs discrete

solutions and focuses on
particle groups.

Can simulate larger scales and is
mainly used to study fluid flow

behavior, including fluid
transport in porous media under
complex boundary conditions.

Compared to MD
simulations, it cannot

capture
molecular-level interactions.

5. Theoretical Calculation Methods
5.1. Equation of State

The equation of state (EOS) is one of the earliest methods used to study fluid phase
behavior. The Peng–Robinson equation of state (P-R EOS (Equation (3))) is widely used
to describe the phase behavior and thermodynamic properties of bulk fluids and is exten-
sively applied in reservoir fluid evaluations [190,191]. Current research on the properties
of nanoscale fluids focuses on introducing parameters such as capillary pressure, fluid
adsorption data and critical property modification into traditional equations of state to
achieve EOS corrections.

P =
RT

Vm − b
− a

V2
m + 2bVm − b2 (3)

where P is the pressure, T is the temperature, R is the gas constant, Vm is the molar volume,
a is the attractive force parameter, considering intermolecular forces, and b is the repulsion
parameter, representing the finite size of molecules.

Research has demonstrated that capillary pressure affects the phase behavior of fluids
in nanopores, and the use of equilibrium EOS has played a crucial role in this research.
Combining EOS with capillary pressure allows for a comprehensive assessment of the
effects of nanopores on fluid saturation pressure and density [192]. Currently, many
studies modify the PR-EOS by incorporating capillary pressure effects and changes in
critical parameters to investigate the impact of nano-confinement on fluid flow in tight
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reservoirs [193]. These studies can be combined with MD simulations to examine the effects
of CO2 injection on interfacial tension and miscibility pressure [62].

In nanopores, the interaction forces between fluid molecules and the solid pore walls,
as well as adsorption effects, become more pronounced. These interaction forces are incor-
porated into the modification of EOS to establish phase equilibrium calculation methods
that account for fluid–pore interactions and capillary forces [194–196]. Additionally, Zhang
Kaiqiang developed a generalized EOS that includes the comprehensive confinement and
pore–size distribution effects [70]. To simulate the complexity of nanopore surfaces, Dong
Xiaohu proposed the assumption of a furrowed surface and sinusoidal surface to represent
the heterogeneous nanopores in tight rocks and shales [197]. Based on these assumptions,
the theory of multicomponent potential theory of adsorption was combined with the P-R
EOS, simulating the heterogeneity of pore surfaces (including geometric and chemical
heterogeneity) through spatial and amplitude distortions of the adsorption potential field.

5.2. Density Functional Theory

Density functional theory (DFT) is a quantum mechanical method based on ab initio
theory, which does not track each electron in the system but uses electron density as the
fundamental variable [198]. At its core is the Kohn–Sham equation, which is used in
molecular structure optimization to calculate the total energy of a molecule and adjust
its geometry to find the lowest energy structure. As a powerful computational tool, this
method is widely used for optimizing molecular structures and calculating fluid adsorption
in nano-confinement effects [199].

In studies on the adsorption behavior of fluids in nanopores during the development
and utilization of unconventional oil and gas energy, this method is applied alone or in
combination with other methods. First, it is frequently used to evaluate the adsorption
of CO2 and methane [200]. By introducing the lattice DFT model, it can also address
adsorption issues in different types of pores [201]. The lattice DFT model not only accounts
for multilayer adsorption and surface interactions but also considers lateral interactions
between adsorbate molecules through the concept of heat of liquefaction. However, the
lattice DFT model does not account for multiscale pore size distribution. Xu and Prodanović
addressed this issue by modifying the model and using the same approach to study gas
adsorption in nanopores of various shapes [32]. Furthermore, DFT can be combined with
other methods. Li Zhidong combined engineering DFT with the P-R EOS to study the
adsorption and phase behavior of pure substances and mixtures in nanopores [202].

5.3. Summary

Theoretical calculation methods are based on fundamental theories and formulas
in physics, chemistry, or mathematics, obtaining exact or approximate solutions through
analytical or derivation processes, providing a means to validate numerical simulation
methods. The EOS is one of the earliest methods used to study fluid phase behavior.
Currently, researchers often modify the PR-EOS to study fluid phase behavior in nanopores.
DFT considers electron density as the fundamental variable and is a quantum mechanical
method, widely used to study fluid adsorption behavior in nanopores. However, due to the
inability of theoretical models to fully simulate real physical environments, the results from
theoretical calculations may deviate considerably from experimental results, necessitating
their integration with other methods for more comprehensive studies.
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6. Comparative Analysis of the Effects of Nano-Confinement on
Fluid Properties
6.1. Influence on Fluid Phase Behavior
6.1.1. Phase Behavior

Nano-confinement effects alter the phase behavior of fluids in unconventional reser-
voirs, impacting the effective development and utilization of unconventional oil and gas
energy. Traditional experimental measurement techniques face challenges in determining
the critical parameters of fluid phase behavior in nanopores. To understand how nano-
confinement alters fluid phase behavior, new simulation techniques and experimental
methods are required. A review of the last decade’s research progress on the effects of nano-
confinement on fluid phase behavior reveals that many studies have used MC methods
for simulation [44,135,161,203], nanofluidic technology for experimental analysis [70,80,82]
and modifications to equilibrium EOS (accounting for capillary forces [192,204], integrat-
ing DFT [202] and considering fluid–solid interactions [195]) for theoretical calculations.
Figure 10 illustrates six typical phase diagram variations for fluids in nanopores, and
Table 4 summarizes the comparative results from different research approaches. Current
research on the phase behavior of pure hydrocarbon components shows relatively consis-
tent results, with nano-confinement effects causing a reduction in critical parameters to
varying degrees. However, the phase diagrams of multi-component hydrocarbons under
nano-confinement show significant variation, making this a key focus and challenge for
future research in the effective development of unconventional oil and gas energy.

Table 4. Summary of nano-confinement effects on fluid phase behavior across various research
methods.

Reference Methods Simple Pore
Scale (nm)

Critical Temperature Critical Pressure

Bubble Point (K) Dew Point (K) Bubble Point Dew Point

Singh, S. K.
(2009) [160] TMMC light n-alkanes 2 362.14 28.04 bar

3 387.33 39.15 bar

Didar, B. R.
(2013) [44] MC

C1

4.1 from 190.6 to 177 from 651 to 465 psi
3.7 from 190.6 to 170 from 651 to 449 psi
2.9 from 190.6 to 168 from 651 to 221 psi
1.5 from 190.6 to 150 from 651 to 150 psi

hydrocarbon
mixtures

2
3 phase envelope shrinks inward

Nojabaei, B.
(2013) [192] EOS hydrocarbon

mixtures 10 - decrease

decrease or
increase

(depending on
which part of the
phase envelope

is located)

Teklu, T. W.
(2014) [204]

modified
conventional

gas/liquid
balance

calculations

hydrocarbon
mixtures 3 and 10 - decrease

upper dew point
increases, lower

dew point

Li, Z.
(2014) [202] DFT + PR-EOS C3

10 very small change
3 decrease decrease

Li, Y. (2015)
[195] PR-EOS hydrocarbon

mixtures 2, 4, 5 and 10 - increase decrease

Alfi, M.
(2016) [82]

nanofluidic
technology

C6 depth: 50
width: 50

from 340.7 to 341.9
-C7 from 374.4 to 373.3

C8 from 400.7 to 398.7

Pathak, M.
(2017) [129] DSC + MD

C10
17.7

decrease 7.8 ◦C
- -hydrocarbon

mixtures decrease of about 50 ◦C

Pathak, M.
(2017) [135] GCMC

C10 3.5
decrease 125 K (unable to capture critical parameters,

using inferential estimation) decrease 85 K
decrease

C10:C10 = 9:1 decrease decrease
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Table 4. Cont.

Reference Methods Simple Pore
Scale (nm)

Critical Temperature Critical Pressure

Bubble Point (K) Dew Point (K) Bubble Point Dew Point

Zhang, K.
(2019) [70]

nanofluidic
technology +

modified
PSD EOS

CO2–C10
depth: 100
width: 100 - -

decrease
(T = 25 ◦C,
decreased

10.19%;
T = 53 ◦C,
decreased

7.26%)

-

Lu, Z.
(2024) [80]

nanofluidic
technology crude oil

100

- -

from 34.3 to
30.1 MPa

(no-water) -

10
from 28.2 to

24.9 MPa
(water)
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Figure 10. The impact of nano-confinement effects on phase transitions in unconventional oil and
gas energy. (a) Phase envelope changes in hydrocarbon mixtures in 2 nm and 3 nm pores [44].
(b,c) P-T phase diagrams for nanopores considering the impact of throats and the impact of capillary
forces [195]. (d) Simulated P-T diagram of a confined binary mixture (90:10 decane-methane mix-
ture) [135]. (e) Example of a P-T diagram for a mixture of 59.7% of ethane and 40.3% of n-pentane [161].
(f) P-T phase diagram of shale oil, accounting for nano-confinement effects and capillary forces [61].

There are three potential reasons for the differing P-T phase diagram distributions
between multi-component hydrocarbons and bulk fluids: (1) differences in simulation
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methods, as each model considers different factors, leading to inevitable variations in
accuracy; (2) differences in the selected fluids or pore materials and particle sizes; (3) varia-
tions in the accuracy of simulation methods, with some methods unable to capture critical
parameters accurately, necessitating the use of other techniques for estimation.

6.1.2. Pore Size Classification

In studies on the effects of nano-confinement on fluid phase behavior, the size of
nanopores significantly impacts fluid phase diagrams. However, recent research still shows
disagreements regarding the classification of critical pore sizes. Initially, it was found that
when the pore size is 3 nm, the fluid’s saturation pressure and critical temperature differ
greatly from the bulk phase [202]. When the pore size is smaller than 10 nm, changes in
critical pressure and temperature affect the applicability of traditional equations of state,
and Langmuir adsorption isotherms are merely fitted to the data [203]. A comparative
analysis using DSC to examine the critical parameters of hydrocarbons in controlled pore
glasses of 4.3 nm and 38.1 nm found that nano-confinement effects were not significant in
the 38.1 nm controlled-pore glasses (CPG), but two distinct bubble points were observed in
the 4.3 nm CPG [205]. Recently, Wang Peng improved the traditional Soave–Redlich–Kwong
(SRK) EOS and found that when pore sizes are smaller than 100 nm, nano-confinement
effects on fluid phase behavior become significant. When the pore size is less than 2 nm, the
confinement effect becomes even stronger, leading to large changes in the molar volume of
the confined fluid, with the 2 nm pore size being referred to as the critical pore size [206].

In two-phase equilibrium calculation models and MMP assessments for oil and gas, it
has been found that at reservoir temperature, when the pore radius is smaller than 100 nm,
the content of components in the liquid phase increases with decreasing pore size, and the
increase in lighter components is higher than that of heavier components. This is attributed
to capillary forces, which raise gas phase pressure and enhance mass transfer between
the gas and liquid phases, with lighter components transferring at a higher rate [207]. In
studies of fluid composition, it was shown that in a 1D nano slit with a width of 6 nm, the
fluid composition in the center is the same as the bulk phase; for a 2D cylindrical nanopore,
this value is 8 nm [155].

The thermodynamic properties of fluids include temperature, pressure, volume, inter-
nal energy, enthalpy, entropy, and free energy, which are closely related to fluid adsorption
isotherms [208]. Thermodynamic laws are based on certain assumptions. When the char-
acteristic length scale of the system approaches the average distance between particles,
collisions with system walls become dominant, leading to changes: momentum transfer
becomes governed by pore walls, and flow and heat transfer models based on the con-
tinuum assumption fail to provide accurate predictions [209]. Under nano-confinement
effects, fluid flow is influenced by charge, which in turn affects the thermodynamic driving
force of the fluid [210,211]. Additionally, the interactions between the fluid and nanopore
walls contribute significantly to surface free energy, reducing the fluid’s free energy and en-
tropy [212], and influencing its thermodynamic properties [70,208]. Finally, by comparing
the effects of nanopore size on fluid dynamics, molecular sieving, fluid structure, and ther-
modynamic behavior, a 10 nm pore size has been designated as the confinement threshold,
and this is generally accepted as the most accurate critical pore size classification [213].

6.2. Influence on Fluid Movement
6.2.1. Fluid Diffusion

Based on the Maxwell−Stefan (MS) diffusion equation, the self-exchange MS diffusion
coefficient indicates that for strongly constrained molecules passing through narrow pores,
there is no strong intermolecular interaction; for weakly constrained molecules, strong



Energies 2025, 18, 166 26 of 41

intermolecular interactions occur at every step of the diffusion path [23]. Krishna used
MD simulations to determine the MS diffusion rate at zero loading, observing a monotonic
decrease in the fluid’s MS diffusion rate as the degree of confinement increases, as shown
in Figure 11a–c [214]. The nature of nano-confinement effects differs depending on the pore
size: in mesopores, molecules diffuse continuously, similar to the bulk phase; in micropores,
diffusion tends to be activated, with molecules “hopping” from one adsorption site to
another, resulting in a lower diffusion coefficient [23]. The Maxwell−Stefan (MS) diffusion
equation is shown in Equation (4) [215].

Fi = ∑
j ̸=i

ςi,jxj(ui − uj) (4)

where Fi is the driving force on component i, ςi,j is the friction coefficient between i and j,
xj is the mole fraction of j, and u is the diffusion velocity.
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Figure 11. (a) MS diffusion rate under zero load from MD simulations [214]. (b) Lennard–Jones inter-
action potential of atoms in the silica wall surface in a 2 nm cylindrical mesopore [214]. (c) Location
of CH4 and CO2 molecules in the pores [214]. (d) The 2D NMR method was used to determine the
fluid confinement effect [96]. (e) 2D NMR results show enhanced fluid-limited diffusion within the
pores with decreasing pore size [96].

Additionally, surface roughness affects fluid diffusion in nanopores. Coppens and
Malek conducted 3D dynamic MC simulations of Knudsen diffusion in model pores with
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random fractal surface roughness to investigate the effects of roughness on transport and
self-diffusion. Their conclusion was that self-diffusion is strongly influenced by surface
roughness, while transport diffusion is unaffected [162–165].

The presence of other substances in the pores also affects molecular diffusion. Water
experiences greater confinement-induced diffusion effects compared to oil, but when water
is present in nanoscale pores, water molecules strongly adsorb to the clay surface, forming
molecular bridges across the pore volume, which hinders the diffusion of hydrocarbon
molecules (Figure 11d,e) [96]. Water molecules exhibit a stronger affinity for adsorption
onto clay minerals, displacing CO2 into the center of the pore, which is unfavorable for CO2

sequestration [23]. In contrast, under the influence of salt ions, water molecules in calcite
nanopores are located in the center, reducing the diffusion rate of water molecules [144].

6.2.2. Fluid Permeability

Fluid permeability is a crucial factor influencing oil and gas energy recovery efficiency,
and the permeability of fluids under nano-confinement differs from that in conventional
reservoirs, influencing the design and optimization of energy extraction methods. Cui
Ronghao analyzed fluid flow characteristics in nanopores, concluding that wettability is
the primary factor affecting oil phase flow capacity. After considering the slip effect, the
relative permeability of the water phase increases, while that of the oil phase decreases [216].
Compared to conventional reservoirs, fluid permeability in nanopores of unconventional
reservoirs is not solely an intrinsic property of the rock but also depends on pressure [130].

In actual nanopore reservoirs, gas flow depends on the pressure at both ends of the
pore, and a single flow regime cannot accurately predict flow rates. Thus, researchers are
dedicated to studying gas flow mechanisms under different flow regimes. Additionally,
using SEM scanning images and the Markov chain MC method, researchers reconstructed
the porous structure of shale. The LBM was then used to simulate fluid flow and Knudsen
diffusion within shale, with corrections applied to permeability by accounting for Knud-
sen diffusion’s contribution to total flow. This method allows for the study of Knudsen
diffusion, which consistently affects shale gas transport [136]. However, it is computation-
ally demanding. A 3D mathematical nanoscale pore network modelling (PNM) has been
developed to simulate shale gas flow, considering both Klinkenberg slip and Knudsen
diffusion. This model is simpler and more accurate than the previous method [217]. The
simulation results show that the apparent permeability differs from low-pressure labo-
ratory experiments, being closely related to reservoir pore pressure and pore size, and
generally lower than laboratory test results at low pressure. However, these methods
do not consider the impact of varying organic content on fluid seepage. Yang Yongfei
improved the flow equation for shale oil to develop a PNM. Simulation results showed
that organic content plays a role in controlling shale oil flow. The control of permeability
by total organic carbon (TOC) depends on the slip and adsorption conditions of organic
and inorganic materials. As organic content increases, pore throat connectivity improves,
and permeability changes (if the flow capacity of organic pores exceeds that of inorganic
pores, permeability increases with higher TOC content) [38]. Furthermore, 3D reconstruc-
tions based on nanoscale FIB-SEM and nano-CT data were used to investigate changes in
shale permeability under varying reservoir stresses. It was concluded that as burial depth
increases, pore permeability decreases. Shale pore permeability also shows significant
heterogeneity, with large variations depending on location and direction [218]. In recent
years, researchers have recognized the critical role of three-phase permeability in oil and
gas development, but its progress has been relatively slow [57]. The production process of
shale reservoirs often involves three-phase flow. Huang Jingwei used the LBM method and
capillary pressure curve experiments to obtain the relative permeabilities of water–oil and
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oil–gas, concluding that fluid permeability in shale reservoirs is correlated with pore types,
with organic pores exhibiting lower permeability. The oil and gas recovery rate depends on
mass transfer between the inorganic matrix and fractures [219]. In unconventional oil and
gas energy development research, establishing predictive methods for phase permeability
curves in nanopores, considering the effects of nano-confinement, and exploring fluid flow
mechanisms is of great significance for the efficient development of unconventional oil and
gas energy.

6.2.3. Surface Adsorption

Under the confinement of nanoscale pore sizes, fluid molecules exhibit stronger ad-
sorption to the wall surface. Liquids show wall adsorption characteristics similar to gases,
with higher density near the wall and the lowest density at the pore center. Configuration-
bias grand-canonical transition matrix MC simulations can be used to study the distribution
of fluid density in nanopores [160]. As shown in Figure 12a: Gas phase density exhibits
a bimodal distribution, and as pore size decreases, the adsorbed fluid density near the
pore wall decreases. Liquid phase density shows a trimodal distribution at a pore size
of 15 Å, with lower peak values, but at pore sizes of 9 Å and 10 Å, it resembles the bi-
modal characteristics of the gas phase. MD simulations are also commonly employed
to study adsorption between molecules and pore walls. Recent findings indicate that in
unconventional reservoir nanopores, the adsorbed layer is significantly thicker compared
to the bulk phase [47]. The thickness of the adsorption layer depends on pore size and oil
composition, with heavier components displaying stronger adsorption tendencies. Pore
shape also influences adsorption layer thickness (Figure 12b) [45].

Previous research did not address the impact of pressure on adsorption amounts for
different components. Jin Zhehui and Firoozabadi used GCMC to study hydrocarbon
mixture adsorption in carbon nanotubes. They found that with increasing pressure in
nanopores, the adsorption of lighter components decreased, while heavier components
(C1-nC14) showed increased adsorption [220]. Dong Xiaohu combined multicomponent
potential theory of adsorption with the P-R EOS to study the effect of pore heterogeneity
on the confined behavior of fluids (methane, ethane, propane) in nanopores. The study
showed that in hydrocarbon fluids, as the amount of heavy components increases, the
confined behavior of the fluid decreases. As nanopore size decreases, the effect of surface
heterogeneity on confined behavior increases. Compared to smooth surfaces, fluid mixtures
adsorb more near the pore wall, with the mole fraction of heavy components increasing near
the wall and that of light components decreasing (Figure 12c) [197]. Other studies also show
that heavy components exhibit stronger adsorption effects in nanopores compared to lighter
components [47,147,156]. Wang Yuhang and Aryana used a modified EOS to study the
effect of pressure on fluid transport properties in sealed nanopores of different sizes. They
concluded that at relatively low pressure (0.5 MPa), Knudsen diffusion dominates transport,
while at higher pressure (2.0 MPa), the flow mechanism is influenced by pore size [221].
Moreover, different pore types show distinct adsorption behaviors. Zhao Guozhong used
NMR and MD to investigate Longmaxi shale oil, revealing that organic pores adsorb more
than twice as much oil as inorganic pores. Under nano-confinement effects, fluids in small
pores exhibit condensate gas-like characteristics, contrasting with the volatile state seen in
larger pores [94].



Energies 2025, 18, 166 29 of 41Energies 2025, 18, x FOR PEER REVIEW 29 of 43 
 

 

 

Figure 12. (a) Local z-density distribution for three different slits (left: saturated gas phase; right: 
saturated liquid phase methane) [160]. (b) The effect of pore geometry on the percentage of adsorbed 
layers. The horizontal axis is the proportion of slit-like pores (Nu,s) to the total number of pores 
(Nu,s and Nu,c) [45]. (c) Vertical density distribution at a given location along the nanopore. D is 
the amplitude of the geometric ripple, Y characterizes the degree of chemical heterogeneity of the 
nanopore) [197]. 

6.3. Summary 

The phase behavior and flow mechanisms of fluids in unconventional oil and gas 
resources change under nano-confinement effects, but current studies still present incon-
sistent conclusions and understanding. Nano-confinement effects modify the phase dia-
grams of fluids, leading to a contraction trend. However, variations in critical parameters 
remain inconsistent, indicating that results obtained from different methods lack uni-
formity and require further investigation to clarify this aspect. Pore size classifications 
under nano-confinement effects remain inconsistent, with most studies identifying 10 nm 
as the threshold where significant impacts on fluid properties occur. Furthermore, fluid 
flow behavior undergoes changes under nano-confinement effects, necessitating the in-
clusion of high-viscosity layers formed by wall adsorption in flow capacity calculations. 
Variations in wall roughness and surface geometry further impact fluid movement. This 
section presents a comparative analysis of results obtained using different research 

Figure 12. (a) Local z-density distribution for three different slits (left: saturated gas phase; right:
saturated liquid phase methane) [160]. (b) The effect of pore geometry on the percentage of adsorbed
layers. The horizontal axis is the proportion of slit-like pores (Nu,s) to the total number of pores
(Nu,s and Nu,c) [45]. (c) Vertical density distribution at a given location along the nanopore. D is
the amplitude of the geometric ripple, Y characterizes the degree of chemical heterogeneity of the
nanopore) [197].

6.3. Summary

The phase behavior and flow mechanisms of fluids in unconventional oil and gas
resources change under nano-confinement effects, but current studies still present inconsis-
tent conclusions and understanding. Nano-confinement effects modify the phase diagrams
of fluids, leading to a contraction trend. However, variations in critical parameters re-
main inconsistent, indicating that results obtained from different methods lack uniformity
and require further investigation to clarify this aspect. Pore size classifications under
nano-confinement effects remain inconsistent, with most studies identifying 10 nm as the
threshold where significant impacts on fluid properties occur. Furthermore, fluid flow
behavior undergoes changes under nano-confinement effects, necessitating the inclusion of
high-viscosity layers formed by wall adsorption in flow capacity calculations. Variations in
wall roughness and surface geometry further impact fluid movement. This section presents
a comparative analysis of results obtained using different research methods, helping to
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identify current research gaps and advance related studies, ultimately facilitating better
development and utilization of unconventional oil and gas resources.

7. Practical Application in the Industry
Research on nano-confinement effects holds significant value for the practical ap-

plication of unconventional oil and gas resource development, focusing on optimizing
development parameters, studying multiscale seepage mechanisms, and using CO2 injec-
tion to enhance oil recovery [61,94,222,223].

During unconventional oil and gas development, nano-confinement effects in reservoir
matrix pores impact fluid phase behavior and seepage characteristics. Failure to accurately
understand these changes in nanoscale pores leads to a rapid production decline during
development. Employing nanoscale research methods and molecular-scale simulation
techniques can provide detailed micro-scale seepage parameters, enabling optimization
of reservoir models, development well networks, and system designs [224,225]. Du Feng-
shuang et al. used simulation methods to study the impact of nano-confinement effects on
fluid properties and phase behavior. Their findings suggest that nano-confinement effects
resemble gravity in enhancing oil recovery, with a more pronounced impact as pore size
decreases [226].

Hydraulic fracturing is commonly used in unconventional oil and gas development
to enhance reservoir fluid flow capacity, but rapid production decline remains a preva-
lent issue. Studies indicate that unconventional reservoirs contain abundant nanoscale
pores, bedding fractures, and large fractures created by hydraulic fracturing, exhibiting
pronounced multiscale seepage characteristics [21]. A key issue is that residual oil is pre-
dominantly stored in nanoscale matrix pores, rendering it unrecoverable. Developing
imbibition in nanoscale pores and integrating it with multiscale flow in pore–fracture
networks presents a critical engineering challenge.

Additionally, microscale studies aid in improving CO2 sequestration in unconven-
tional reservoirs and related theoretical frameworks, addressing environmental con-
cerns [227]. Studies show that nano-confinement effects significantly influence CO2 ad-
sorption/desorption and miscible displacement. Lee et al. reported that nano-confinement
effects increased shale oil production by 42% during CO2 huff-n-puff operations but re-
duced oil production by 4% due to heavy component precipitation [223]. The competitive
adsorption of CO2 and hydrocarbon molecules is strongly influenced by nano-confinement
effects, significantly enhancing the mobility of oil and gas in nanopores. Moreover, un-
der nano-confinement, the miscible pressure between CO2 and crude oil is reduced. Jia
Zhihao et al. introduced a component mass transfer rate to establish a gas–liquid non-
equilibrium thermodynamic model incorporating nano-confinement effects to simulate
CO2 displacement efficiency [228].

In summary, research on nano-confinement effects provides crucial theoretical founda-
tions and technical support for the efficient development and utilization of unconventional
oil and gas resources, with significant engineering applications.

8. Current Challenges and Future Directions
Although the effects of nano-confinement on fluid phase behavior have been widely

studied and generally understood, there are still some inconsistencies in the understanding
of how nanopores influence the critical parameters of different fluid components. While
many agree that nano-confinement effects lead to a contraction of fluid P-T phase diagrams
compared to bulk phases, most research indicates that fluids with different pore sizes and
components display specific characteristics. As a result, independent analysis of their phys-
ical parameters is necessary. Currently, experimental techniques for fluid phase behavior
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rely mainly on nanofluidic technology, with simulations largely based on MC methods and
theoretical calculations focusing on modified P-R EOS. However, nanofluidic technology
still has limitations compared to actual reservoir conditions, simulation methods require
experimental validation and theoretical calculations must account for many influencing
factors. In the future, it is necessary to summarize the general principles from current
findings and to improve and update experimental techniques to better accommodate the
measurement and analysis of fluid properties in different pore sizes and components.

Furthermore, numerical simulation methods for nanopore-scale unconventional reser-
voirs often require significant computational resources and time. They also struggle to
accurately reflect complex real reservoir conditions, such as changes in wettability of pore
walls and molecular interactions. Physical experimental methods also face limitations due
to the availability of observable data, leaving substantial room for future research and
development. The combination of artificial intelligence (AI) with nano-confinement effects
in unconventional oil and gas energy will be a key focus in future studies, with emphasis on
deep learning [229,230], large-scale AI models [231] and machine learning techniques [232].
For example, using AI techniques to analyze and predict nanoscale research findings can
provide more accurate insights into the influencing factors of macroscopic parameters and
their correlations. In the future, utilizing AI to create a multiscale simulation workflow
linking molecular, mesoscale, core-scale, and even reservoir-scale models will significantly
enhance the progress of multiscale simulations.

Nano-confinement effects in unconventional reservoirs are significant. As research
progresses, accounting for these effects in simulations will greatly enhance their accuracy.
In the near future, the continued refinement and application of these physical experiments,
numerical simulations, and theoretical calculations for studying nano-confinement effects
at the microscale, along with the integration of various research methods, will lead to a
clearer understanding of fluid mechanisms in unconventional oil and gas energy develop-
ment, guiding the advancement of its practical applications. Furthermore, future studies
should focus on advancing small-scale experimental analysis and multiscale simulation
techniques. Although there is still room for growth in small-scale simulation methods,
researchers have already conducted significant work in this area. Currently, the pressing
challenges we face are in small-scale experimental analysis techniques and multiscale
simulation research. Advancing small-scale experimental analysis techniques requires not
only continuous updates to existing methods but also the introduction of cutting-edge
technologies from high-precision fields. Achieving multiscale simulation requires not only
enhanced computational power but also a deeper understanding of the mechanisms behind
multiscale simulations.

9. Conclusions
This paper provides a comprehensive analysis of the impact of nano-confinement

effects on fluid phase behavior and flow mechanisms, with a focus on the relevant research
progress in physical experiments, numerical simulations, and theoretical calculations
methods in nanoscale studies for unconventional oil and gas energy development.

The differences and similarities in findings from different research methods on
nanoscale fluid properties are compared and analyzed to deepen the understanding of
nano-confinement effects.

The main insights gained in this paper are as follows:

• Fluid critical parameters in nanopores differ from those in the bulk phase, but there is
no consensus on how these parameters change.

• Most studies suggest that nano-confinement effects cannot be ignored in pores smaller
than 10 nm, becoming more pronounced as pore size decreases.



Energies 2025, 18, 166 32 of 41

• The diffusion rate of fluids in nanopores decreases as the degree of confinement increases.
• Permeability also depends on pressure and other parameters like fluid–solid interactions.
• Fluid in nanopores forms a high-viscosity layer on the pore walls, and the number of

layers depends on the nature of the fluid and the wall surface.

Finally, Table 5 provides a summary and analysis of the advantages and disadvantages
of various research methods.

Table 5. Summary and analysis of the advantages and disadvantages of various research methods of
nano-confinement effects.

Methods Advantages Disadvantages

Physical
Experimental

Methods

Nanofluidic

It makes microscopic visualization
experiments possible and has been

well-applied in the analysis of fluid phase
behavior at the nanoscale.

The pore sizes of currently manufactured
chips differ from those in actual

unconventional reservoirs, making it
difficult to study fluid properties at smaller

scales. Currently, silicon-based chips are
predominantly used, which differ from

actual reservoir materials.

NMR It can quantitatively characterize
nanopores and fluids.

It cannot capture the distribution
characteristics of samples.

Nano-CT

It not only characterizes the pores of
unconventional oil and gas reservoirs but
also plays a role in pre-processing models

for numerical simulations.

It has lower resolution than SEM.

SEM It can achieve higher resolution compared
to nano-CT.

It cannot capture the three-dimensional
characteristics of samples.

Numerical
Simulation Methods

MD
It primarily applied to study fluid

adsorption and desorption in nanopores,
as well as fluid motion within these pores.

It simulates molecular behavior on a
microscopic scale, requiring substantial

computational power, making the process
time-consuming and limited by

computational capacity.

MC
Compared to MD simulations, it is

relatively simpler and requires fewer
computational resources.

It is based on probability theory and
statistical methods, and thus exhibits

stochastic characteristics.

LBM

It can not only simulate fluid flow at the
mesoscale with complex boundary

conditions but also enable
parallel computing.

Particles serve as the smallest unit in its
simulation, which constrains the precision

of the results.

Theoretical
Calculation

Methods

EOS Researchers often modify the PR-EOS to
study fluid phase behavior in nanopores.

Theoretical models to fully simulate real
physical environments and their

calculations are more complicated.

DFT It has been widely used to study fluid
adsorption behavior in nanopores.

Theoretical models to fully simulate real
physical environments and their

calculations are more complicated.

This study presents a holistic review of nano-confinement in shale nano-pores and
its associated influencing factors. The review considers physical experiments, numerical
simulation and theoretical methods traditionally used to examine nano-confinement effects
in porous media. The results analyzed and reviewed in this study are quite useful and will
assist in a broader understanding of the subject matter.
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