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The pore structure of shale reservoirs leads to the complex phase behavior of
shale reservoir fluids, which is aggravated due to changes in fluid composition
during reservoir development. Effective prediction of changes in the phase
behavior of fluids in shale reservoirs is important. This paper proposes a pore-
size-dependent Peng-Robinson equation of state (PR-EOS) to describe phase
behavior in nanopores. The approach considers the shift of critical parameters and
the gas-liquid capillary pressure and compiles by MATLAB. The verification of the
model is satisfying bymatching the result with Tnavigator PVTi using the published
date. The results show that fluids in nanoscale pores are more likely to exhibit
near-critical or condensate states. We also compare the changes in phase
behavior when fluids dissolve CO2 and CH4 and observe the phase transition
(from gaseous to liquid phase) of the lighter crude oil sample that dissolved more
gas during the differential liberation experiment (DL). Finally, we use CO2 pre-pad
energized fracturing of a shale oil reservoir in northern China as an example to
explain abnormal production performances, such as a majority of light
hydrocarbons in the produced fluid of the well during the flow back stage,
single gas phase production in the early production stage, and stable gas/oil
ratio (GOR) in the process of development. Our novel methodology and phase
behavior change mechanism can enhance our understanding of the phase
behavior of fluids in shale oil reservoirs during enhanced oil recovery.
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1 Introduction

The rapid growth of production from shale oil reservoirs in recent years has made them
more economically valuable than shale gas reservoirs, demonstrating their significant
potential. However, the heterogeneity of the reservoir and the prevalence of nanopores
pose unique challenges to their development and production (Clarkson and Pedersen, 1490;
Honarpour et al., 2012). As a result, the production performance of LRS reservoirs often
exhibits distinct production phenomena. For example, abnormal production gas-oil ratios
(GOR) are captured in the Bakken shale oil development, with higher bottom-hole flow
pressures and low gas flow rates (Nojabaei et al., 2013). The Eagle Ford shale oil development
similarly exhibits more stable GOR. At the same time, increased critical gas saturation in
nanopore-throat delays the timing of the two-phase flow (Khanal et al., 2021a;
Khoshghadam et al., 1751; Khoshghadam et al., 1759), these abnormal production
performances will continue for several years or more. The Gulong shale oil in China’s
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Daqing field discovered single gas phase flow in the early
development after CO2 pre-pad energized fracturing. These
phenomena are repeatedly captured in the development of shale
reservoirs while exhibiting significant variability due to regional
differences (Alfi et al., 1709; Liu et al., 2018a; Sun et al., 2021).
Conventional fluid modeling is difficult to match to actual field data.

The analysis of the pore-scale structure and composition of rock
showed that multiscale nanopore throat enhances the fluid-fluid/
solid interaction (Fisher and Green, 1971; Ghanbariana et al., 2020;
Dong et al., 2023), adsorption in the organic matter further
complicates gas-liquid distribution, which leads to a bias in the
conventional equation of state in evaluating the gas-liquid
equilibrium process. Researchers began to look for alternative
methods or reasonable modifications to conventional methods to
once again assess the phase equilibria of fluids in nanopores.
Currently, the study approaches of phase behavior in confined
space mainly include physical experiments, equations of state,
molecular simulation methods, and density functional theory
(Singh et al., 2009; Li et al., 2014; Wang et al., 1708; Jin, 2018).
Physical experiments are limited due to the harsh experimental
conditions and equipment, only a few experiments have been carried
out and most of them are for pure components and binary-ternary
mixtures of light hydrocarbons (Wang et al., 1708; Alfi et al., 2017),
which provide possibilities of mathematical modeling and validation
for other approaches, but they do not apply to more complex
conditions. The DFT method can better match the experimental
data considering the intermolecular and fluid/surface interactions
(Liu. et al., 2018b; Zhao. and Jin., 2019). The researcher adopts the
DFT approach to analyze phase behavior and adsorption of fluid in
the multiscale pores, and the simulation results are in good
agreement with the field observation results (Jin. and Abbas,
2016). However, applying DFT directly in numerical simulation
is difficult, and this approach is mainly used to provide necessary
corrections and guidance for traditional EOS modeling. Molecular
simulation effectively revealed the density distribution and the
potential for phase transitions of the fluid in nanopores by
molecular perspectives, but this approach is computationally
expensive and difficult to be applied directly to numerical
simulations. The EOS approach is currently widely used in the
evaluation of gas-liquid phase equilibria due to its convenience and
versatility, the traditional EOS fails to consider the inhomogeneity of
surface adsorption and molecular density in nanopores, which is not
negligible in nanopores. To accurately predict the phase behavior of
fluid, the pore-sized-independent EOS has been established by
modifying the relevant thermodynamic parameters through
molecular simulation results. Furthermore, this modified EOS has
been applied to numerical simulation studies in shale reservoirs
(Vishnyakov et al., 2001; Zhang K. et al., 2019; Yang et al., 2019;
Yang and Li, 2020; Cao et al., 2022). The thermodynamic
equilibrium also considers significant capillary pressure (Sui and
Yao, 2016; Cui et al., 2018; Zhang Y. et al., 2019). What’s more, the
competitive adsorption in the multicomponent hydrocarbons is
considered in the EOS (Song Z. et al., 2020; Song Y. et al., 2020;
Chong et al., 2023; Cao et al., 1755). Other EOS has also been
developed to evaluate fluid migration and composition changes in
multiscale pores (Travalloni et al., 2014). In addition, the method
adopts the minimumHelmholtz energy as the equilibrium condition
shows that the fluid extracted from the nanopores can provide more

oil than in the bulk space because the critical point in the nanopores
is lowered (Luo et al., 2020; Luo et al., 2021).

Overall, modified EOS is now a commonly used method for
investigating the phase behavior of fluids in nanopores. Several
multiscale numerical simulation models have been developed to
reproduce the specific phenomena of shale reservoir development
(Khoshghadam et al., 1751; Khoshghadam et al., 1759). Gas
injection is the most commonly used method for shale
development to enhance oil recovery. CO2 has been shown to
interact more with crude oil and rock than hydrocarbon gas
(Haiyang et al., 2021; Lu. et al., 2022; Qi et al., 2023), which
includes replacement, extraction, adsorption, and other
mechanisms. These mechanisms have been studied through
experiments and molecular simulations and further applied to
numerical simulations (Samuel et al., 2022; Jia. et al., 2023;
Zongfa et al., 2023). In addition, CO2 injection can effectively
mitigate the potential threat of greenhouse gas emissions.
However, changes in fluid components due to gas injection in
nanopores have yet to be addressed in the current study, phase
behavior of the fluid will be further affected due to changes of the
components during development. This process may be accompanied
by phase transition in the nanopores, affecting the actual production
performance. Therefore, it is necessary to analyze the phase behavior
of fluid in multiscale pores during gas injection in conjunction with
the actual production performances in the field.

This study focuses on investigating the effect of nano-
confinement on shale reservoir development by analyzing the
changes in fluid phase behavior during depletion and gas
injection in nanopores. In Section 2, we propose a method of
vapor-liquid equilibrium calculation considering the nano-
confinement effects. The reliability of the proposed method is
validated in Section 3 by comparing the results obtained with the
commercial software tNavigator PVTi and the data from published
references. The behavior of fluids in nanopores during depletion
and gas injection is analyzed in Section 4. In Section 5, we explain
the production performances of an actual shale oil reservoir using
the proposed methods. Finally, the conclusions are drawn in
Section 6.

2 Methodology

2.1 Critical temperature and pressure shift of
components in nanopores

The shale reservoir system is characterized by a multiscale
porous medium consisting of matrix, natural and hydraulic
fractures. The storage and phase behavior of hydrocarbons occur
in pores that range from several nanometers to micrometers, with
significant changes in capillary pressure, van der Waals, and
structural forces. Traditional methods for describing the phase
behavior of fluids in confined spaces are unsuitable. To
accurately interpret the phase behavior of fluids in nanopores,
the critical properties of components are considered as a function
of the ratio of molecular size to pore size. Several publications
employ the extended van der Waals (vdW) theory to describe the
shift of critical temperature and pressure of fluids in nanopores, such
as shown in Table 1.
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The application of the above methods has some limitations.
NajeebAlharthy et al. (1663), proposed a formula suitable for pores
below 3 nm. In their study, the cutoff size of the critical parameter
shift was set at less than or equal to 3 nm to eliminate the negative
shift of critical pressure. This method was first applied by Singh et al.
(2009). The critical parameters proposed by Khanal et al. (2021b),
are very sensitive to pore radius, and the change in critical
temperature is minimal when the pore radius is larger than 3.
Song et al. (2020a) showed that the results are more accurate
when σLJ/R < 0.2.

2.2 Effect of capillary pressure on phase
behavior in nanopores

The conventional reservoir models tend to neglect capillary
pressure, whereas its impact on the vapor/liquid equilibrium is
considerable in nanopores (Teklu et al., 2014; Wang et al., 2017).
Therefore, the fugacities of components in the liquid and vapor
phases are equal, which can be expressed by:

μL,i T, PL, xi( ) � μV,i T, PV, yi( ), (1)
where μL,i and μV,i are the chemical potential of component i in the
liquid/vapor phase, respectively. xi and yi are the molar fractions of
component i in the liquid/vapor phase, respectively. PL and PV are
the pressure of the liquid/vapor phase, respectively, MPa.

We use Young-Laplace equation (Adamson, 1990) to calculate
the capillary pressure:

Pcap � PV − PL � 2σ cos θ
R

, (2)

where Pcap is capillary pressure, MPa. σ is interfacial tension, mN/m.
θ is contact angle, °.

The gas-liquid interfacial tension is estimated using the
Parachor model:

σ � ∑Nc

i

ρL P[ ]ixi − ρV P[ ]iyi( ), (3)

where ρL/V is the molar density of liquid/vapor phase, mol/m3. [P]i is
the parachor of pure component i.

2.3 Vapor-liquid equilibrium calculation in
nanopores

In this paper, Peng-Robinson equation of state (PR-EOS) (Peng
and Robinson, 1976) is used as follow:

P � RT

Vm − b
− a

Vm Vm + b( ) + bVm − b2
(4)

Where T is temperature, K. P is pressure, MPa. Vm is the molar
volume, mol/m3. R is gas constant, J/(mol K). a and b represent the
attractive and repulsive terms, respectively.

In the non-ideal system at equilibrium, Ki is usually related to
the fugacity coefficient. At the same time, the K value is updated
according to the calculation results:

TABLE 1 The correlations for the shift of critical temperature and pressure.

Model Equation Date source

Zarragoicoechea and Kuz (2004) ΔTc � 0.9409(σLJ/r) − 0.2415(σLJ/r)2 Morishige et al. (1997)

ΔPc � 0.9409(σLJ/r) − 0.2415(σLJ/r)2

NajeebAlharthy et al. (1663) ΔTc � 1.0983e−0.929r Singh et al. (2009)

ΔPc � −0.4097r + 1.2142

Jin (2018) ΔTc � 0.015 + 0.8493(r/σLJ)−1.241 Singh et al. (2009), Singh and Singh (2011)

ΔPc � 1.8(r/σLJ)−0.775 Vishnyakov et al. (2001)

Alireza et al. (2014) ΔTc � 1.1775(r/σLJ)−1.338 r/σLJ ≥ 1.5 Singh et al. (2009)

ΔTc � 0.6 r/σLJ ≤ 1.5

ΔPc � 1.5686(r/σLJ)−0.783

Khanal et al. (2021a), Khoshghadam et al. (1751) ΔTc � 1.1(r/σLJ)0.1353 Singh et al. (2009); Singh and Singh (2011)

ΔPc � 0.686(r/σLJ)0.6

Song et al. (2020a) ΔTc � 0.6794(σLJ/r)0.7878 Singh et al. (2009), Singh and Singh (2011)

ΔPc � 1.3588(σLJ/r)0.7878 − 0.4616(σLJ/r)1.3588 Vishnyakov et al. (2001)

PitakbunkateBalbuena and Moridis (2014)

Khanal et al. (2021b) ΔTc � 2.38r−3.007 PitakbunkateBalbuena and Moridis (2014)

ΔPc � 2.63/r NIST. (2018)

where ΔPc, ΔTc are the relative shifts of critical temperature and pressure, respectively, dimensionless; σLJ is Lennard-Jone size parameters, nm; r is pore radius, nm.

Frontiers in Energy Research frontiersin.org03

Wang et al. 10.3389/fenrg.2023.1237254

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1237254


Ki � yi

xi
� φi

LpL

φi
VpV

(5)

Kn+1
i � fL n( )

i

fV n( )
i

Kn
i (6)

Where the superscripts n is the iteration level, Ki is the
equilibrium ratio. fi

V and fi
L are the fugacities of component i in

the vapor-liquid phase, respectively, MPa.
Wilson’s correlation (Whitson and Sunjerga, 2012) is usually

used to generate the initial guess of Ki.

Ki � pc,i

p
exp 5.37 1 + ωi( ) 1 − Tc,i

T
( )[ ] (7)

Where Pc,i is the critical pressure of component i, MPa. Tc,i is the
critical temperature of component i. ωi is the acentric factor.

Vapor-liquid equilibrium calculation for xi and yi used
Rachford-Rice (R-R) equation (Rachford and Rice, 1952).

∑Nc

i�1

Ki − 1( )zi
1 + Fv Ki − 1( ) � 0 (8)

Where zi is the overall mole fraction of component i, and Fv is
the vapor molar fraction.

The bubble point pressure needs to satisfy:

∑ ziKi � 1 (9)

The dew point pressure needs to satisfy:

∑ zi/Ki � 1 (10)

2.4 Flash calculation process

In this paper, the vapor-liquid equilibrium calculation module
considering the shift of critical parameters and the gas-liquid
capillary pressure in nanopores is compiled by MATLAB
programming. Figure 1 is a flowchart. The black border is our
modification for the traditional PVT model.

The components used in this paper are listed in Table 2. The
pure component parameters were obtained from the tNavigator
PVTi module database, and the Pseudo-Component parameters
were obtained from a LRS reservoir in northern China.

3 Method validation

3.1 Validation of flash calculation method

We assess the validity of our model by comparing the calculated
phase envelopes of component A and B fluids in bulk space
(Figure 2A) with those obtained from commercial software. The
good agreement between our model results and the software’s
outputs confirms the reliability and accuracy of our established
model.

Using A as an example, Figure 2B presents the phase envelope of
the fluid obtained using different correlations. We did not include
the method proposed by NajeebAlharthy et al. (1663), due to its
specific application conditions.

The pressure difference of the bubble point line calculated with
different correlations under the same temperature is within 5 MPa,
while the difference along the dew point line is more noticeable.
Overall, although the phase envelope exhibits variations, the
underlying change pattern remains similar. To correct the critical
parameter shift of the component, we employed the approach
introduced by Zarragoicoechea and Kuz (2004) in this study.

4 Results and discussion

4.1 Phase envelope and fluid state in
nanopores with nano-confinement effect

Three kinds of pores are classified based on pore size:
micropores (<2 nm), mesopores (2–50 nm), and macropores
(>50 nm) (Sing et al., 1985; Rouquerol et al., 1994). Microspores
and mesopores are focused on in this study due to their significant
contribution to the overall pore volume of shale reservoirs and their
substantial influence on the phase behavior of fluids. Figure 3
Presents the phase envelope results for Component A under
varying nanopore sizes. The bubble point line of the fluid
demonstrates a decrease and inward contraction, mirroring the
behavior observed in the dew point line. Notably, the coexistence
region of two phases experiences a substantial reduction, with the
proportion exhibiting a positive correlation with the pore radius.
These findings indicate that fluids within nanopores exhibit a
significantly different behavior compared to those in
conventional reservoirs, often displaying a preference for single-

FIGURE 1
The calculation flowchart of phase behavior in confined space.
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phase conditions. Compared with previous studies, our calculations
show satisfactory results.

In conventional reservoirs, the classification of reservoir types is
typically based on the relative position of reservoir conditions in the
phase diagram. However, this classification method may not have

applied to the whole shale reservoirs due to nano-confinement
effects, which alter the phase behavior of fluids in shale
reservoirs compared to bulk space. To address this, we propose a

TABLE 2 Components and basic properties of the fluid.

Component Type:A Type:B Tc (K) Pc (MPa) MW (g/mol) ωi [P]i Vc (mol/m3)

CO2 3.98 2.22 306.79 7.730 44.01 0.236 82.00 0.094

C1 61.86 41.26 184.01 4.600 16.04 0.012 74.8 0.098

C2-5 19.55 11.85 365.93 4.299 40.07 0.136 190.25 0.182

C6-10 5.09 16.96 557.91 2.699 111.20 0.307 318.20 0.434

C11-20 4.76 15.62 708.95 1.752 204.95 0.574 688 0.809

C21-30 3.44 7.24 847.61 1.299 327.19 0.831 830 1.310

C31-39 1.32 4.85 919.49 0.962 428.94 0.982 1,030 1.735

The correlation formula proposed by Chueh and Prausnitz (1967) was used to calculate the binary-interaction coefficients of the components.

FIGURE 2
(A)Model validation of phase envelopes. The imaginary line (A_PVTi and B_PVTi) are the results of commercial software, and the solid lines (A,B) are
our model results. (B), the result of phase envelopes under different models (10 nm). The red line is in bulk space.

FIGURE 3
Phase envelopes of fluid under different pore radius.

FIGURE 4
The difference in fluid phase behavior caused by nano-
confinement. The solid black and dotted lines are fluid phase
envelopes under intense/weak nano-confinement. The phase
behavior in nanopores with different pore radii is more likely to
change under the conditions with the relative position II.
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revised classification approach that considers the matrix pore space
as a “micro-supply source” influenced by the pore radius. According
to this method, reservoirs with complex pore structures are
categorized as “supply sources” exhibiting multi-phase behavior.
As illustrated in Figure 4, the solid and dashed black lines represent
the phase envelopes under weak and intense nano-confinement
effects, respectively.

I-IV represents the relative positions of the initial environment
and pores conditions, such as position I, the fluid shows the
characteristics of volatile oil. Similarly, pores with the position of
IV show condensate gas under weak confinement and dry gas under
intense confinement. When the pore is at the 2 position, the fluid
may exhibit volatile and gas-oil condensate depending on the pore
radius and fluid component. When the reservoir conditions and
fluid components change (such as gas injection, pressure increase,
injection of thermal fluids, etc.), the fluidmay undergo the process of
phase transition.

Data on typical shale reservoirs are collected from the published
references, including pore structure, initial reservoir condition, and
components (Nojabaei et al., 2013; NajeebAlharthy. et al., 1663; Ko
et al., 2017; Ganjdanesh. et al., 2019). The impact of different pore
structures on the gas-liquid distribution of the reservoir was
illustrated, as shown in Figure 5. The pores volume of
microspores and mesopores occupy 40% or even more.

4.2 Effects of nano-confinement on
depletion development

The alteration of fluid components has a consequential impact
on the gas-liquid distribution during the development of LRS
reservoirs, as evidenced by changes observed in production
performances. (Khoshghadam et al., 1759; Luo et al., 2020; Luo
et al., 2021; Du and Chu, 2012). The development process of LRS
reservoirs can be divided into four distinct stages, and an analysis of
production performance will be conducted at each stage to evaluate
its dynamics.

4.2.1 The first stage (A)
The single-phase flow predominates in the near-well area during

the early stage of development. The formation pressure exceeds the
saturation pressure within the corresponding porous medium. As a
result, a greater amount of liquid is produced during the initial
production phase. In the early development of the reservoir, a phase
transition occurs, transitioning the reservoir from an LRS reservoir
to a condensate reservoir, which subsequently leads to the
production of a single gas.

4.2.2 The second stage (B)
The pressure within fractures declines rapidly due to their high

conductivity. This decline results in the initial appearance of bubbles
in the fractures and large pores, expanding the fluid volume.
However, since the gas phase has not yet reached the critical gas
saturation, two-phase flow has not been established in the matrix
flow channel.

4.2.3 The third stage (C)
The escape of numerous bubbles results in the rapid coalescence

of gas, quickly reaching critical gas saturation. Consequently, the gas
occupies the nanopores and flow channels, leading to an imminent
breakthrough. This phenomenon proves detrimental in
conventional reservoirs as it causes a sharp decline in liquid
phase production. However, the simultaneous release of all
bubbles from nanopores is impossible in shale reservoirs.
Nevertheless, when there is an appropriate gradient, this gas is a
propellant, displacing oil from the nanopores and mesopores. This
driving force resembles gas dissolution drive and may widely occur
in nanopores, presenting potential advantages.

4.2.4 The last stage (D)
Following the escape of gas, the alteration in composition

subsequently induces a shift in fluid phase behavior, ultimately
leading the reservoir back to the single-phase flow with residual gas.
Figure 6 visually represents the gas-liquid distribution and flow
characteristics observed in each development stage of LRS reservoirs.
As previously mentioned, the phase behavior shift within nanopores is a
crucial factor contributing to the systematic and cost-effective
production of LRS reservoirs. A multiscale pore structure gives rise to
the coexistence of phase envelopes, a crucial element influencing
recovery during the depletion process of LRS reservoirs.

The pore structure of shale reservoirs varies across different
regions, and this variation directly influences the duration of
different development stages. It is essential to implement a well-
planned development strategy to optimize reservoir production.
Past experiences have indicated that maintaining reservoir
pressure above the bubble point pressure is critical in shale
development. The nano-confinement effect, which enhances fluid
flow within nanopores during the two-phase flow stage, can extend
the production period and increase recovery in LRS reservoirs.

4.3 Phase behavior change mechanism after
gas injection with nano-confinement effects

Depletion development of shale reservoirs ultimately leads to an
extremely low ultimate recovery. To enhance EOR, development

FIGURE 5
Part of the reservoir’s pore structure and initial fluid status. The
blue and green regions represent the characteristics of fluid with
condensate and volatile oil in the nanopores, respectively. The orange
represents the near-critical region, which can be transformed by
changing the external conditions.
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strategies such as large-scale fracturing and gas injection are
commonly employed. Researchers have adopted a multiscale
approach, discretizing the distribution of pores from the
macroscopic to the nanometer scale to simulate fluid
composition changes in shale reservoirs during depletion
development. Their findings highlight the selective release of light
hydrocarbons in nanopores, leading to higher concentrations of
intermediate hydrocarbon components and fewer light components.
Many intermediate components remain in the nanopores as
unsaturated fluids. Additionally, the fluid composition of pores
near fractures changes gas injection, altering fluid phase behavior.
This is a key consideration in reservoir development.

In this section, CH4 and CO2 were used as injection media to
analyze the change of phase envelope after injection gas under
different initial components (A, B). The mean matrix pore radius
is 10 nm, and Figures 7A, B shows the impact of the injected gas on
the phase envelope. The differences mainly reflect the following
aspects.

(1) Critical point of mixed fluids. The critical pressure of mixed
fluids is minimally affected by the molar fraction of CO2. Upon
mixing the original component with 70 mol% injection gas, the
critical pressure increased by a mere 3 MPa. This slight change
can be attributed to the higher critical pressure and temperature
of pure CO2 compared to the initial composition (mainly C1,
C2-4).

(2) Near-critical region. The near-critical region, which
encompasses the vicinity of the critical point on the phase
envelope, experiences a leftward shift as the CO2 molar
fraction increases. This shift implies that the fluid in the

near-critical region tends to exhibit a condensate state, and
the properties of the fluid in the vicinity of the critical point
become better, such as viscosity. Specifically, for component A,
the phase envelopes of the near-critical region demonstrate a
high degree of overlap, indicating that the impact of CO2 molar
fraction on the two-phase region and the pressure point of gas
phase escape is minimal.

(3) Other regions (low-temperature and high-temperature regions).
At temperatures below 100°C, the increased CO2 molar fraction
resulted in a minor reduction in the bubble point. Conversely,
injection CH4 led to a considerable increase in the bubble point
and a significant expansion of the two-phase region in themixed
fluid. This observation suggests that CO2 injection can widen
the gap between formation and saturation pressure, thereby
delaying the two-phase flow stages. Conversely, at relatively
high temperatures, CH4 slightly increased the dew point
pressure.

Similarly, the fluid transitions to a volatile oil state as the
molar fraction of intermediate and heavy hydrocarbons
increases. The alterations in the phase envelopes are depicted
in Figures 7C, D. It was observed that both CO2 and CH4 led to
an elevation in the critical pressure and temperature of the
mixed fluid, with CH4 exhibiting a more significant impact.
At temperatures below 100°C, the influence of CO2 molar
fraction on the phase envelope gradually diminishes, whereas
CH4 raises the bubble point significantly. The effect of different
injected media on the dew point appears negligible. Gas injection
development strategies will increase the average formation
pressure, combined with Figure 3 and Figure 7, the nano-

FIGURE 6
Stage division of depletion development in LRS reservoir. Yellow box is gas-rich fluid (Lei et al., 2016). 4.2.1 The first stage (A); 4.2.2 The second stage
(B); 4.2.3 The third stage (C); 4.2.4 The last stage (D).
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confinement effect reduces the saturation pressure of the mixed
fluids, which makes the injected fluids easier to dissolve in oil
phase. Meanwhile, the minimum miscibility pressure (MMP) of
the fluid after CO2 injection is lower than CH4, which indicates
that injection CO2 has a better miscible capability, and the

single-phase flow is longer during the development process,
which is favorable to oil production.

To investigate the fluid phase behavior during gas injection
in LRS reservoirs, a constant differential liberation experiment
(DL) was simulated at a reservoir temperature of 130°C. Figure 8
illustrates the variations in the phase envelope and critical point
of the mixed fluid, represented by the solid purple and dotted
lines, respectively. As the pressure decreases, the concentration
of light components in the fluid gradually diminishes, leading to
an increase in the critical temperature and a decrease in the

FIGURE 7
(A,B) The change of phase envelope ofmixed fluid after injection gas. Original component Amixedwith 0–70%mol injection gas at 10 nm. Left: CO2;
Right: CH4. (C,D) The change of phase envelope of mixed fluid after injection gas. Original component Bmixed with 0%–70%mol injection gas at 10 nm.

FIGURE 8
Variation trend of phase envelope (bubble point line) and critical
point of mixed fluid (component A) during DL process. The solid
purple line and dotted line show the dynamic change process of the
bubble point line of themixed fluid (Bulk space). Purple, blue, and
red boxes show the variation of the critical points during the DL
process under different initial conditions. The black pentagram is the
initial condition of the reservoir. The blue and red circles are the initial
critical points of the fluid after injection 70%mol CH4/CO2 (blue:
36.2 MPa, 124°C; red: 27.9 MPa, 122°C).

FIGURE 9
Variation trend of phase envelope (bubble point line) and critical
point of mixed fluid (component B) during DL process.
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critical pressure, which indicates a transition from volatile oil to
black oil. In practical LRS reservoirs, the phase behavior of the
remaining fluid undergoes changes, and the fluid within the
pores may experience a reversion to single-phase flow (liquid
phase) as the gas phase escapes. This transition is influenced by
the critical gas saturation and the current reservoir pressure.
Hence, the reservoir fluid may undergo phase transition due to
the fluid composition and the pore size. When injecting 70%mol
of gas (CO2, CH4), represented by the red and blue circles, the
reservoir behaves as a condensate gas reservoir, which aligns
with previous findings in this study.

Figure 9 shows that as the concentration of heavy hydrocarbons
in the fluid composition rises, the injected gas encounters challenges
in inducing phase transition. Instead, the injected fluid primarily
influences the distribution of gas and liquid phases.

5 Field application

This section presents a case study of a shale reservoir well in
northern China. The reservoir is classified as a volatile oil reservoir
and is being developed through CO2 pre-pad energized fracturing.
The average permeability of the reservoir is less than 0.01 mD, with a
temperature of 122°C, an initial reservoir pressure of 37.5 MPa, and
an average porosity of 6%. The reservoir has been under production
for 2 years. The results obtained from low-pressure adsorption and
mercury-intrusion tests reveal that approximately 40% of the
reservoir volume consists of nanopores with sizes below 10 nm,
indicating that the nano-confinement effect could significantly
impact reservoir development. Real-time production performance

data and gas chromatographic analysis results of fluid samples are
provided in Figure 10 and Table 3, respectively.

Figure 10 illustrates the production performance of the well,
with the production gas-oil ratio (GOR), bottom hole pressure
(BHP), and production oil/gas rate serving as key indicators for
analyzing the performance across different stages. The production
performance is categorized into several distinct stages based on these
parameters. Furthermore, the fluid samples collected during
different production periods are utilized to deduce the current
formation of fluid components, adhering to the fundamental
principle of conservation of mass. Table 3 presents the current
formation components, with the sampling periods designated as
stages ①, ②, and ④.

Figure 11 presents the phase envelope of the fluid in bulk space,
with distinct development stages indicated based on the pressure
data. Initially, the phase behavior of fluid resides in a near-critical
state, resembling condensate gas. As the mole fraction of CO2

decreases and hydrocarbon components increase, the reservoir
fluid transitions to volatile oil (from the purple to the blue line).

FIGURE 10
Production performance and stage division. The red, purple, blue, and yellow lines are oil rate, BHP, gas rate and GOR, respectively. The production
performance is divided into four stages, the flowback stage (①), stable production stage (②), Adjustment stage (③), and stable production stage (④).

TABLE 3 Fluid components in different periods by gas chromatographic
analysis.

Component/Period CO2 C1 C2-4 C5-
10

C11-
17

C18+

① 14.51 53.04 21.65 5.13 3.45 2.22

② 5.85 54.84 21.91 6.23 6.05 5.12

④ 4.55 34.61 26.94 13.80 11.50 8.60

FIGURE 11
Phase envelope of fluid in three periods. The purple, blue, and red
colors correspond to stages①,②, and④ in Figure 10. The pentagram
represents the initial reservoir condition.
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Over time, light hydrocarbons gradually release, notably CH4, which
further alters the fluid phase behavior within the reservoir.

Based on the analysis of Figures 10, 11 and Table 3, the
production performance of the well is examined. During the
fracturing flowback stage (①), the pressure ranges from 28 to
40 MPa. Following the flowback of the fracturing fluid (H2O),
the early production stage (approximately 2 months) primarily
dominates gas production, including CO2 and CH4. The current
production performance of the well can be attributed to the phase
behavior of the fluid, as indicated by the purple line in Figure 11,
depicting the phase transition from volatile oil to condensate gas
induced by the injected gas. According to the phase envelope, only a
few bubbles are observed in the fracture, while the fluid in the matrix
pores remains in a single phase. The rapid depletion of fluid in the
fracture leads to a significant pressure drop by the end of this stage.
Although the GOR does not exhibit a significant increase during this
period, it can be attributed to the single-phase transport within the
matrix.

In the second stage, the bottom hole pressure (BHP) ranges from
18 to 28 MPa. A noticeable reduction in the molar fraction of CO2 is
observed in the fluid components, accompanied increased
hydrocarbon content, particularly in the heavy components
(Table 3, period ②). The fluid phase behavior reveals the
presence of escaped gas in the nanopores near the wellbore
matrix. Despite this, oil production and gas-oil ratio (GOR)
remain stable, which can be attributed to the abundant
distribution of nanopores throughout the reservoir. The nano-
confinement effect delays the bubbles point and makes the gas
escape stepwise, effectively promoting the flow of the liquid phase in
small pores, showing the effect of the dissolved gas drive.

In the subsequent stage, as the production period prolongs, the
physical properties of the fluid deteriorate, resulting in a reduction in the
production capacity. Despite the decline in the production oil/gas rate, it
maintains a relatively stable value when the pressure is maintained at
around 18MPa. The staged escape of gases facilitates the migration of

fluids, which can be attributed to the combined effect of nano-
confinement and the inherent heterogeneity of the pore structure.
Notably, there is a sharp decrease in the molar fraction of CH4,
indicating the preferential escape of methane through the flow
channels, while the flow ability of other components is relatively
poor. This change in composition further induces alterations in the
phase behavior of the fluid (as observed in Figure 11, stage 3, represented
by the red line). The formation pressure of 18MPa is close to the
saturation pressure point of the fluid, resulting in a single-phase fluid
state, aligning with the pattern depicted in Figure 6D.

To comprehensively understand these development stages,
Figure 12 provides a relevant schematic diagram for visual reference.
Specifically, (a) represents the backflow stage of fracturing fluid,
corresponding to stage ① as depicted in Figure 10, which illustrates
the early stage of development, during which the fracture pressure
gradually decreases until it reaches the bubble point pressure. It is
noteworthy that most of the pores are in a single liquid phase. This stage
occurs between stages ① and ②. Lastly, (c) represents the stable
production period, aligning with stages ② and ④, which signifies
the gradual emergence of bubbles in the nanopores near the fracture.
The production performance demonstrates a stable period during this
stage.

6 Conclusion

The phase behavior in nanopores is described in this paper by
extending the PR-EOS to account for capillary pressure and critical
parameter shifts. The key findings of this study are summarized as
follows.

(1) The fluid phase behavior in nanopores is influenced by nano-
confinement, with the pore radius playing a crucial role. Different
pore structures result in diverse phase behaviors, and the nano-
confined space is considered a “micro-supply source” exhibiting

FIGURE 12
Schematic diagram of fluid distribution in reservoir pores at different development stages. (A) Refers to the fracturing fluid backflow stage, and (B)
refers to the early stage of development. (C) Refers to the stable production period.
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varying phase behaviors in this study, this method provides a
reasonable explanation for understanding abnormal production
phenomenon in shale reservoir development.

(2) The development of LRS reservoirs is characterized by multiple
stages based on gas-liquid distribution. Nano-confinement effects
influence the production performance in each stage. The results of
DL simulations demonstrate the dynamic changes in fluid
composition during LRS development, leading to alterations in
fluid phase behavior, particularly phase transitions.

(3) A case study focuses on the CO2 pre-pad energized fracturing
development of an LRS reservoir in northern China. The
proposed method in this paper provides a reasonable
explanation for the observed abnormal production
performances, such as the presence of predominantly light
hydrocarbons during the flowback stage, early-stage
production dominated by a single gas phase, and stable gas-
oil ratio (GOR) during the development process.
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Nomenclature

Subscript

i component

V vapor

L liquid

n iteration level

Nomenclature

a attractive term in the Peng and Robinson (1976)

μ chemical potential

x mole fraction

Pcap capillary pressure, MPa

ρ the molar density, mol/m3

ΔPc relative critical temperature, dimensionless

r pore radius, nm

T temperature, K

z the overall mole fraction

Tc the critical temperature, K

ω acentric factor

R gas constant, J/(mol·K)

b repulsive terms in the Peng and Robinson (1976)

f fugacity

y mole fraction

θ contact angle

[P] parachor parameter

ΔTc relative critical temperature, dimensionless

σLJ Lennard-Jone size parameters, nm

P pressure, MPa

Vm molar volume, mol/m3

Pc the critical pressure, MPa

Fv the vapor molar fraction
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