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Abstract:
Tight and shale reservoirs are forming important components of the global hydrocarbon
landscape, which impede the free thermal movement of fluid molecules, with numerous
nanoscale pores. The confined hydrocarbons in the nanopores cannot be industrially
produced from conventional exploration and development methods, with deviated fluid
phase behavior under nano-confinement effects. Most commonly important fluid phase
behavior in nanopores has been simulated and compared with the bulk cases previously,
including phase coexistence, critical properties, and density distribution of confined fluids.
This paper focuses on the deviated fluid phase behavior under nano-confinement effects
by Monte Carlo modeling. The Monte Carlo simulation is still limited to modeling the
macroscopic pore-related behavior like capillarity and complex fluid and solid materials.
Moreover, the Monte Carlo simulation is usually scale-restricted and the pore-size range
where the nano-confinement effect fails to work needs to be quantitatively determined.
Overall, for the tight and shale fluid phase behavior, a functional Monte Carlo model,
coupled with the long-range correction and configuration bias techniques, is suggested to
include both the multi-component fluids and skeleton.

1. Introduction
Owing to the continuous depletion of conventional

petroleum resources, tight and shale reservoirs have become
increasingly important in the world energy landscape in the
last decade. Locked in abundant nanoscale pores, shale and
tight fluids in porous media can hardly be explored from
conventional extraction methods. As phase behavior is a fun-
damental property in the progress of hydrocarbon production,
understanding the deviated fluid phase behavior in nanopores
is crucial for the tight and shale fluid recovery. The current
laboratory technologies are limited for fluid phase behavior in
nanopores, which cannot model the actual subsurface reservoir
in an efficient and economical manner.

Combining theoretical methods with computational tech-
niques, molecular simulation has provided new avenues for
nano-fluid modeling, which includes molecular dynamics sim-
ulation, Monte Carlo (MC) simulation, density functional
theory, lattice Boltzmann method, etc. Among these methods,
the molecular dynamics and MC simulations are the most used

in simulating nano-fluids. The molecular dynamics simulation
uses the variation of motion trajectories with time to yield
kinetic properties, which is dependent on initial conditions and
constrained by energy conservation due to the nanosecond time
step (Liu and Zhang, 2019). Instead, the MC simulation uses
probability walks to generate microstates, which is capable to
handle conformational changes more effectively when dealing
with nonphysical motions (Leach, 2001) and meanwhile, con-
verge more quickly when facing simple molecular systems.
Given the strong functions of the MC simulation, this paper
presented a perspective on the MC simulation of calculating
phase behavior under nano-confinement and discussed the gaps
that need to be solved in future research.

2. Nano-confined phase behavior
The reduced pore dimension results in the restricted free

thermal motion of fluid molecules and the enhanced interplay
of fluid-wall and fluid-fluid forces (Devegowda et al., 2012).
The fluid phase behavior at the nanoscale is very different
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Fig. 1. (a) n-pentane phase diagram in 5 nm silica slit (Yu et al., 2022); comparison of critical (b) temperature, (c) pressure
(Sobecki et al., 2019) and (d) density (Jin and Nasrabadi, 2016; Xing et al., 2021) versus pore length evolution with literature;
(e) two phase snapshots of ethane at 250 K in 4 nm slit pore model (Jin and Nasrabadi, 2016).

from that at the macroscale. The phase coexistence, critical
parameters, and density heterogeneity in nanopores have been
studied by the MC simulation, as shown in Fig. 1.

2.1 Phase coexistence properties
Singh et al. (2009) investigated the phase coexistence

properties of n-alkanes in the slit range of 0.5 to 1.5 nm. They
calculated the deviation of the saturation pressure in nanopores
from that of the bulk phase, which gradually disappeared as the
temperature approached the critical temperature. Comparing
in multidimensional pores, they found that the deviation was
positive and negative for 40 and 8 Å pores, respectively.
In the simulation by Pitakbunkate et al. (2016), the phase
diagram of the methane-ethane mixtures shrunk in nanopores,
and the bubble point pressure increased slightly below 200
K while the dew point pressure became higher. Sobecki et
al. (2019) analyzed the phase coexistence properties of the
confined mixtures, which also showed that the dew point pres-
sure increased and the bubble point pressure decreased under
confinement. Xing et al. (2021) proposed that the confinement
affected the equilibrium phase composition. As the simulated
size increased from 3 to 20 nm, the dew point pressure of the
CO2/C7 system performed a downward concave pattern and
the bubble point pressure monotonically increased. At 20 nm,
the bubble point line agreed with that in the bulk phase, while
the dew point line did not. Accordingly, they supposed that the
pore size-induced nano-effect cannot be accurately determined
from the bubble or dew point pressure. Using grand canonical
Monte Carlo (GCMC) simulation, Yu et al. (2022) obtained

the deviated phase diagram of the confined n-pentane and the
deviation was gradually diminished as the pore size increased
from 2 to 11 nm.

2.2 Critical parameters
Table 1 summarized the confined critical parameters com-

pared to the bulk phase by the MC simulation. Singh et al.
(2009) studied the variation of critical parameters of pure
hydrocarbons in nano-slits. As the system approached the two-
dimensional regime, the critical temperature and pressure de-
creased to constant values, while the critical density increased.
The critical parameters of nano-confined methane (Didar
and Akkutlu, 2013), ethane, methane-ethane mixtures (Pitak-
bunkate et al. 2016), and methane-ethane-pentane mixtures
(Jin and Nasrabadi, 2016) were simulated, which came to the
similar conclusions. The variation of the critical temperature
and pressure under confinement was also verified by Sobecki
et al. (2019). Xing et al. (2021) established the relationship
between the pore size and the shift from critical temperature to
the bulk value, which followed a power function coupled with
the coefficient. Moreover, the shift of C7 was wider than CO2
for stronger interaction between alkanes and organic pores.
The minimum miscible temperature and pressure of the binary
system were lower in nanopores, which contributes to higher
oil recovery by CO2 injection. Yu et al. (2022) found that the
critical temperature of confined n-pentane can be treated with
the bulk one at the pore size beyond 10 nm, so was the critical
pressure at the pore size larger than 30 nm.



134 Chu, W., et al. Advances in Geo-Energy Research, 2023, 7(2): 132-135

Table 1. Monte Carlo simulations for the confined critical parameters compared to the bulk.

Reference Fluid system Pore Critical radius (nm) Temperature Pressure Density

Jiang et al. (2004) C2, C3, nC4 Graphite cylinder 3.074 < - >

Mota and Esteves (2007) C3 Graphite slit 2-4 < - >

Singh et al. (2009) C1-C8 Graphite/mica slit 0.5-1.5 < < >

Didar and Akkutlu (2013) C1, C1/C2, C1/C3 Graphite slit 3 < < -

Pitakbunkate et al. (2016) C1, C2, C1/C2 Graphite slit 1-10 < < >

Jin and Nasrabadi (2016) C1, C2, C1/C2,
C1/C3/C5

Graphite slit 4-10 < - >

Jin et al. (2017) C1 Graphite cylinder 4-10 < - >

Pathak et al. (2017) C10, C1/C10 Graphite slit 3.5 < < <

Lowry and Piri (2018) C2

FCC carbon
Disordered carbon
Amorphous silica

3-6 < - >

Sobecki et al. (2019) C1, C2, nC5, nC10,
C1/C2, C2/nC10

Graphite slit 2-7 < < -

Xing et al. (2021) CO2, C7, CO2/C7 Graphite slit 3-20 < < >

Yu et al. (2022) C5 SiO2 slit 2-11 < < -

2.3 Adsorption layers and density distribution
Peterson and Gubbins (1987) plotted the adsorption

isotherms and density profiles of Lennard-Jones fluids in
cylindrical pores, which indicated the fluid density near the
pore wall was higher than that in the center. Mota and
Esteves (2007) proposed that the number of the adsorption
layers reduced as the pore size decreases. They distinguished
the adsorption layer number and profile morphology of the
vapor and liquid states. Didar and Akkutlu (2013) found
that the heavier fractions of the fluid system tended to form
layers along the walls. Pitakbunkate et al. (2016) fixed the
overall fraction of the methane-ethane system and found that
the heavier components were enriched under confinement.
Accordingly, they supposed that during the production of the
nano hydrocarbons, the heavier hydrocarbons began to release
after the lighter ones almost drained out. Jin and Nasrabadi
(2016) found that the fluid density in the pore center was closer
to the bulk one, and multiple adsorption layers existed near the
pore walls with higher concentrations of heavy hydrocarbons
in the layers. Xing et al. (2021) proposed that the absorption
led to a higher equilibrium vapor phase density while the
capillary coalescence led to a lower liquid phase density. Since
the van der Waals force is the main factor affecting the nano-
fluid phase state, Yu et al. (2022) quantitatively characterized
the relationship between the van der Waals force and the pore
size. The van der Waals force, which arose as the temperature
decreased and pressure increased, fluctuated at 1.4 MPa and
450 K, where the vapor-liquid phase transition performed. The
larger the absolute force value, the more adsorptions of n-
pentane and easier conversions from the vapor to liquid phase
occurred.

In addition, the effect of the pore material properties on

the phase behavior of the confined fluid has been studied.
Singh et al. (2009) studied the phase transition of pure
hydrocarbons in nano-slits with graphite and mica surfaces.
They also simulated a square-well fluid to perform the phase
transition in flat pores (Singh et al., 2010) and cylindrical pores
(Singh and Singh, 2011). Jin et al. (2017) investigated the
impact of pore size distribution on fluid confinement effects
using the gauge-GCMC simulation. However, they considered
the porous media only as parallel pores of different sizes,
which didn’t reflect the pore correlation. Lowry and Piri
(2018) used the GCMC to simulate the confined ethane in
three different pore structures (FCC carbon, disordered carbon,
and amorphous silica pores), which showed the disorder and
surface chemistry of the pore material influenced the critical
point.

3. Summary
The MC simulation has been proven to be effective for

the nano-confined fluid phase behavior and applicable for the
tight and shale hydrocarbon reservoirs. However, the MC sim-
ulation needs further modifications in terms of the following
shortcomings. First, the MC simulation is inapplicable for the
pore-related properties, like capillary pressure and wettability,
and the dynamic properties, such as viscosity and boundary
slip. As another major limit of the MC simulation, most studies
relevant to the nano reservoirs focused on simple-molecule
fluids, while the tight and shale hydrocarbon is composed of
complex saturated, aromatic, and non-hydrocarbons, as well
as impurities like water and inorganic gas. Furthermore, the
skeleton material affects the phase properties of the confined
fluids. Most previous studies simply used graphene to substi-
tute kerogen as the pore material, while the tight and shale
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formations are complex with multiple components, consisting
of both organic and inorganic minerals to be considered,
such as quartz, feldspar, calcite, and clay (Feng et al., 2020).
Beyond the complex material composition, nanopores range
from several to 100 nm, but the confined behavior of nano-
fluids by the MC simulation has been mainly restricted to the
scale below 20 nm. Within nanoscales, the MC simulation can
handle conformational changes effectively, but once the spatial
scale rises, it can hardly guarantee data validity. Therefore,
how to improve the scale of molecular simulations is to be
solved. Moreover, the size range where the nano-effect fails
to work needs to be quantitatively determined.

Here are several suggestions to improve the MC simulation
for fluid phase behavior in nanopores. First, the long-range cor-
rection is believed to handle the density heterogeneity caused
by pore dimension reduction. Second, the configurational bias
technique is found to be effective in dealing with complex MC
simulation systems. Furthermore, to investigate the effect of
matrix properties on the fluid phase behavior deviation, the
skeletal model is suggested to be coupled with the material,
surface chemistry, shape, and mutual connectivity of the pores.
Overall, for the phase behavior of tight and shale fluids, a
systematic, mature, and highly reductive molecular model is
suggested, including both the multi-component fluids and the
skeleton model.
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