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ABSTRACT: Phase behavior of hydrocarbon fluids in nanopores is different from
that observed in a PVT cell due to the confinement effect. While scholars have
established various models for studying the phase behavior in nanopores, the authors
often ignore the effect of pore geometries, which can significantly affect the critical
fluid properties in shale nanopores. In this study, we extend the Soave-Redlich-Kwong
equation of state (SRK EOS) using potential theory and establish models of critical
property shift, considering pore geometries, adsorption, and water film. Our research
shows that the critical property shifts, considering fluid adsorption, begin at rp ≤ 10
nm and are seriously strengthened with nanopore radius reduction. The extended SRK
EOS is applied to compute phase diagrams of the 50% C1−50% nC10 mixture at
different pore sizes and find that the thickness of adsorption and water film causes a
depression in the P−T diagram and that the bubble point pressure is lower in
cylindrical pores. At pressures above 6 MPa, the irreducible water saturation and pore
geometries greatly impact the vapor−liquid ratio. This study is significant for evaluating residual oil distribution and studying fluid
flow laws in shale reservoirs.

1. INTRODUCTION

In general, pores can be divided into macropores (>50 nm),
mesopores (2−50 nm), and micropores (<2 nm), according to
International Union of Pure and Applied Chemistry

(IUPAC).1 Shale is characterized by a prevalence of small
nanopores, some of which have a radius of less than 2 nm.
Pores with a radius of less than 10 nm account for up to 42% of
the total pore volume.31,32 In nanopores, the thermodynamic
properties and phase behavior of confined fluids are very
different from those of bulk fluids due to the confinement
effect.12 The fluid thermodynamic properties induced by the
confinement effect include the critical properties, density,
viscosity, surface tension, and compressibility factor of the
fluid.40,41

Over the years, the critical property shift has been widely
studied experimentally and theoretically for pure components
and mixtures. Scholars measured the critical temperature of Ar,
N2, O2, and CO2 in MCM-41 and SBA-15 with different pore
sizes.2−9 Experimental results showed that the critical temper-
ature in nanopores is lower than that in the bulk. On the other
hand, some authors applied Grand canonical Monte Carlo
(GCMC) simulation to investigate the phase behavior of
confined fluid in nanopores.10−20 The authors concluded that
the critical temperature and critical pressure decrease
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Figure 1. Diagram of the pores with different shapes. (A) organic
nanopores and (B) inorganic nanopores.
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compared with those of the bulk, and the shift of critical
properties strengthens as the pore size decreases. Based on
data from physical experiments and molecular dynamics
simulations, researchers established the critical property shift
empirical models for confined fluids,21−25 but the expression of
these models lacks theoretical explanation. Some researchers
combined Lennard-Jones potential with the equation of state
to build the critical temperature and critical pressure shift
equations,26−30 but these can only be applied for cylindrical
pores. The effect of the pore geometries is ignored.

According to a general classification, shale pores can be
divided into organic and inorganic pores. In Figure 1, gas is
adsorbed onto organic pore surfaces, forming an adsorption
layer. Irreducible water is adsorbed on inorganic pore walls to
form a water film.32−34 The thickness of the adsorption layer
and water film affects the effective pore radius. But the existing
models that neglect these factors cannot accurately calculate
the critical property shifts of confined fluid in shale
reservoirs.24−30

Equation of state is a very convenient way to study the
thermodynamic properties and phase behavior of fluids. But
the classical cubic equations of state (EOS) are incapable of
describing the phase behavior of confined fluids because they
fail to consider the overall confinement effect.26−30 Under-
standing phase behaviors and fluid thermodynamic properties
is important for the production of shale reservoirs. Hence, it is
imperative to develop a new phase behavior model that is
suitable for shale reservoirs. Ma et al.21 investigated the phase
behavior of nanoconfined fluids in nanopores by combining PR
EOS and the simplified local density (SLD) theory. Yang et
al.24 introduced a new molecule−wall interaction term, which
competes with the intermolecular interaction, to extend the
classical PR EOS. Song et al.25 presented a novel way to
characterize confined fluid adsorption and then developed an
adsorption-dependent PR EOS. Some other models28−30 have
also been proposed to modify PR EOS by using statistical
thermodynamic theory.

However, these equations of state can only be used to
predict the phase behavior of confined fluids in cylindrical
pores, and modifications that consider the thickness of the
adsorption gas and adsorbed water layer have been sparsely
seen in existing work. In this paper, the extended Soave-
Redlich-Kwong equation of state (SRK EOS) is proposed with
a Sutherland potential. Based on the extended SRK EOS, new
critical property shift models are derived, considering the
influence of pore geometries and the thickness of the
adsorption gas and adsorbed water layer

2. MODEL DESCRIPTION AND ESTABLISHMENT
2.1. Extended SRK EOS. The conventional SRK EOS is

modified to consider the confinement effect of the pore radius
and molecule−molecule interactions in shale nanopores. The
SRK EOS is one of the widely used cubic equations of state
that is capable of accurately predicting fluid density. We
describe confined fluids using the Sutherland potential. The
canonical partition function from statistical thermodynamics is
expressed as29
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where N is the number of molecules, V is the total volume, T is
the temperature, E is the overall energy state, k is the
Boltzmann constant, Λ is the de Broglie wavelength,
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mass, qint is the internal partition function, and Z is the
configuration partition function, which is shown as follows29
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where U is the potential energy of the entire system of N
number of molecules whose positions are described by ri, i = 1,
2, 3......N, and ri is the distance of separation between
molecules, and the pressure in nanopores can be expressed as29
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Hasanzadeh35 reported that Sutherland potential has
produced more accurate results compared with Lennard-
Jones to predict fluid adsorption in nanopores. Hence, we

select Sutherland potential
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describe fluid interactions and the integral part of eq 2 is
solved semianalytically as
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of C1 by solving eq 5 analytically, and the values of C2 and C3
are obtained from a nonlinear least-squares method.

A is the reduced contact area. And Econf(N,V,T) can be
expressed as
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where ε is the molecule−molecule Sutherland energy
parameter and σ is the molecule−molecule Sutherland size
parameter.

Figure 2. Pore size distribution for Barnett shale core.
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The extended SRK EOS can be obtained by substituting eq
6 into eq 3 with a specific C. The extended SRK EOS can be
expressed in nanopores as

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ( )

P RT
V b

a

V V b

0.5

( )

T
C

A
C
Ac

3 2 3

=
+

+ (7)

2.2. Critical Properties Shift Modes. The critical
temperature and pressure of the confined fluids in nanopores

can be solved at the condition of ( )( ) 0P
V T

P
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are derived from the modified SRK EOS in eq 7 and shown
below, respectively
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where Tcn is the critical temperature in nanopores, Pcn is the

critical temperature in nanopores, ( )A r 2
eff= in cylindrical

nanopores, A Heff
2

2= in slit nanopores, W
H

= ; W is height of
slit nanopores, and H is width of slit nanopores.

It is well-known that corresponding the critical properties

from SRK EOS are T
Rbc
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2= for
bulk fluid. Therefore, the critical property shift models of
confined fluid in cylindrical nanopores are shown as follows.
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The critical property shift models of confined fluid in slit
nanopores are shown as follows.
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where a C
2

1
3

= , reff is effective radius of cylindrical nanopores,
and Heff is the effective width of slit nanopores.

In Figure 2, the pore distribution is very complex in shale
reservoirs. We build a simple mixing rule to the critical
property shifts of mixtures in shale nanopores.

T x y T P x y Pi j j cn i j jcn ci ci= = (14)

where xi is mole percentage of fluid (i) component in shale
nanopores, yj is percentage of different pore radius (j), Tcij is
fluid (i) critical temperature in pore radius (j), and Pcij is fluid
(i) critical pressure in pore radius (j).
2.3. Effective Pore Size. In a confined space, the fluid

molecular diameter can be comparable to the pore size. Thus,
the influence of the adsorption film must be considered. We
assume that it is single-layer adsorption in the organic
nanopores because of the presence of adsorbed gas which

Table 1. Critical Temperature Shift of Fluid in Nanoporesa

references Tc (K) in bulk fluid rp/nm Tcn (K) this paper AD % Zhang et al.29 AD % Zarragoicoechea et al.28 AD %

Pitakbunkate et al.18 190.6 CH4 2 127 141.7 11.57 165.39 30.22 158.59 24.87
3 155 159.95 3.19 173.68 12.05 168.90 8.96
4 169 168.29 0.42 177.87 5.24 174.19 3.07
5 175 175.8 0.45 180.39 3.08 177.41 1.37
6 178 173.15 2.72 182.08 2.29 179.57 0.88
7 181.5 178.32 1.75 183.29 0.98 181.12 0.20

Vishnyakov et al.12 1.9 108.5 138.6 27.74 163.05 50.27 155.72 43.5
2.28 152.0 148.89 2.04 167.55 10.23 161.27 6.09
2.66 160.8 155.49 3.30 170.79 6.21 165.29 2.79
2.85 161.7 158.13 2.20 172.09 6.42 166.92 3.22
3.23 165.3 162.38 1.76 174.24 5.4 169.61 2.60

Burgess et al.7 304.1 CO2 3.18 261.46 255.84 2.14 276.26 5.66 268.43 2.63
Morishige et al.3 154.6 O2 1.2 102 92.1 9.7 123.98 21.54 116.4 14.11

150.8 Ar 1.2 99 89.8 9.29 120.18 21.39 112.5 13.63
Morishige et al.4 126.2 N2 3 105 108.27 3.11 115.73 10.21 112.76 7.39

4.47 112 114.56 2.28 119.14 6.37 117.08 4.53
2.2 103 100.1 2.81 111.99 8.72 108.08 4.93

Morishige et al.5 154.6 O2 2.2 120 124.5 3.75 137.13 14.27 132.33 10.275
150.8 Ar 2.2 118 121.43 2.90 134.36 13.86 129.68 9.89

ADD % 4.90 12.33 8.68
aTcn is reported literature data.
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occupies part of the space in organic nanopores. Hence, the
effective radius of cylindrical nanopores and the effective width
of slit nanopores can be expressed, respectively, as36−38

r r deff = (15)

H H d2eff = (16)

where θ is gas coverage on organic nanopores wall for gas,
dimension less. d is the gas molecular diameter.

Irreducible water that is usually immobile is adsorbed on
inorganic pore walls to form a water film. We assume that the

thickness of the water film is the same. Thickness of the
adsorption water film affects the effective radius. Therefore, the
effective radius of cylindrical nanopores and slit nanopores can
be expressed, respectively, as39

r r S1eff wi= · (17)

H H S(1 )eff wi= · (18)

where Swi is irreducible water saturation.

Figure 3. Measured and calculated shifts of the critical temperatures with the variations of nanopore sizes (a) CH4 (b) C2H6 (c) N2 (d) CO2 (e)
O2 and (f) Ar.
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3. RESULTS AND DISCUSSION
3.1. Model Verification. 3.1.1. Critical Temperature. In

Table 1, there are some experimental and molecular simulation

data published.3−5,7,12,18 Thus, we can validate the new model
with experimental and molecular simulation results and
compare it with the previous models directly. Figure 3 shows
that the agreement between the calculated data and
experimental and molecular simulation data from the new
model in consideration of fluid adsorption is better than that
from the previous models. Due to the confinement effect and
molecule−molecule interactions, gas is adsorbed on organic
pore walls to form an adsorption layer, which affects the
effective pore and the vapor−liquid equilibrium. The critical
property shifts considering fluid adsorption begin at rp ≤ 10
nm and are seriously strengthened with the nanopore radius
reduction. In Figure 4 with the increase of irreducible water
saturation, the thickness of the water film increases and the
effective pore radius decreases. The critical property shifts
strengthen with the water film increase. Therefore, it is very
important to accurately calculate the critical property shift in
inorganic nanopores, considering the influence of irreducible
water saturation. Overall, the new model can calculate the

critical property shifts of confined fluid accurately, and it can
be applied in shale reservoirs.
3.2. Sensitivity Studies on Critical Properties Shift.

3.2.1. Effect of Nanopores Geometry. Figure 5 shows that
pore geometries significantly affect the fluid critical properties
of shale organic nanopores. With the increase of pore size,
confined fluid subjected under slit nanopores exhibits bulk
behavior much earlier than that seen in cylindrical nanopores.
Singh et al.16 obtained the same conclusion by molecular
dynamics simulation. With the increase of ξ, the effective space
volume increases, which weakens the influence of the pore wall
on the fluid. Therefore, the critical property shift is weakened.
For more complex pore geometries, we will continue to study.
3.3. Sensitivity Studies on Phase Diagram. On the

basis of the extended SRK EOS, the binary mixture C1−nC10
was used to represent the shale reservoir fluid, and phase
behavior is studied, considering pore geometries, adsorption,
and water film.
3.3.1. Effect of Adsorbed Gas Thickness and Irreducible

Water Saturation. Figure 6 presents the calculated phase
diagrams of the binary mixture C1−nC10 in nanopores by using
the extended SRK EOS. The phase diagram at bulk conditions
is calculated by the original SRK EOS. In the same pore radius
(5 nm), the P−T diagram is depressed, considering the
thickness of adsorption and water film, the critical properties
became smaller, and the bubble point pressure decreased. This
is because when considering the thickness of adsorption and
water film, the effective pore size decreases, and the potential
energy, interaction between molecules, and interaction
between pore surface and molecules increase.
3.3.2. Effect of Nanopores Geometry. Figure 7 presents the

phase envelope comparison of 50%C1−50%nC10 mixture
confined in pores of two different geometries, namely, slit
and cylinder, having the same pore size (D = 2r = 10 nm, H =
10 nm). The critical properties and the bubble point pressure
are lower in cylindrical pores; this clearly suggests a greater
confinement effect in cylindrical pores as compared to slit
pores of the same slit width. Because of the same pore size,
cylindrical pores have a larger surface area and stronger
interaction force. In slit pores, with the increase of ξ, the
effective space volume increases, the interaction between the
fluid and the fluid is more, the influence of the molecular wall
is smaller, and the confinement effect is weakened.
3.4. Sensitivity Study on Vapor−Liquid Ratio of

Binary Mixture. Figure 8 shows the effect of pore size on
the vapor−liquid ratio in organic nanopores. At 5 nm pore
radius, the molar fraction of the vapor phase is 3.34% and that
of the liquid phase is 96.6%. At 10 nm pore radius, the molar
fraction of the vapor phase is 10.55% and that of the liquid
phase is 89.45%. In bulk, the molar fraction of the vapor phase
is 14.83% and that of the liquid phase is 85.17%. With the
decrease of pore size, the confinement effect is enhanced, and
the vapor phase becomes the liquid phase gradually.

Therefore, in shale reservoirs, the smaller the pore size, the
higher the liquid phase mole fraction.

Figures 9 and 10 show the effect of irreducible water
saturation and pore geometries on the vapor−liquid ratio in
inorganic nanopores. At the same pressure, the higher the
irreducible water saturation, the smaller the effective pore
space, the stronger the confinement effect, the smaller the
vapor−liquid ratio, and the higher the liquid content in the
pore. The confinement effect in cylindrical pores is stronger,
and the vapor−liquid ratio is lower. At low pressure, the

Figure 4. Critical temperature shift of methane in inorganic
nanopores, considering the thickness of the water film.

Figure 5. Critical temperature shift of methane in organic nanopores,
considering adsorption; D (D = 2r) is cylindrical pore diameter and H
is slit width.
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vapor−solid interaction between molecules is dominant, the
confinement effect is weakened, and the irreducible water

Figure 6. Phase diagram of 50%C1−50%nC10 in cylindrical pores, (a) organic nanopores and (b) inorganic nanopores.

Figure 7. Phase diagram of 50%C1−50%nC10, considering pore
geometries in nanopores.

Figure 8. Effect of pore size on the vapor−liquid ratio in organic
nanopores.
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saturation and pore geometries have little effect on the vapor−
liquid ratio. However, with the increase of pressure, at medium
and high pressure, the liquid−solid interaction is dominant,
confinement effect is enhanced, and the irreducible water
saturation and pore geometries have a great impact on the
vapor−liquid ratio. This study is of great significance for
evaluating the distribution of residual oil and studying the law
of fluid flow in shale reservoir.
3.5. Future Work. Compared with the previous work, the

effect of pore geometries, thickness of the adsorption gas, and
the adsorbed water layer on fluid phase behavior are
considered in this model. However, there are still some
problems to be solved in the later work (in Figure 11). First,
the models ignore the effect of molecular size, as in confined
space, since the molecule size is comparable to the pore size,

and the molecule−wall interaction becomes strong enough to
compete against the intermolecular interaction. Second, the
present work has not solved the effect of nanopore materials
on fluid phase behavior.

4. CONCLUSIONS
In this study, we extend the SRK EOS model to investigate the
phase behavior of hydrocarbon fluids in a shale reservoir,
considering pore geometries adsorption and water film.
Subsequently, the P−T phase diagrams and vapor−liquid
ratio of the binary mixture C1−nC10 are evaluated with the
proposed model. According to our study, the following
conclusions can be drawn:

(1) The model can accurately describe the confined
behavior of the C1−nC10 mixture in nanopores with
different geometries, and pore geometries significantly
affect the fluid critical properties in nanopores. With the
increase of pore size, the confined fluid subjected under
slit nanopores closes to the bulk behavior much earlier
than that seen in cylindrical nanopores.

(2) Within cylindrical or slit nanopores, the thickness of
adsorbed gas and water film reduces the effective pore
size, leading to a decrease in critical point and bubble
point pressure. When compared to slit nanopores,
cylindrical nanopores generally exhibit lower critical
point and bubble point pressures despite sharing the
same pore size.

(3) At low pressure, the gas−solid interaction between
molecules is dominant, which weakens the confinement
effect, and the irreducible water saturation and pore
geometries have little effect on the vapor−liquid ratio. At
medium and high pressure (P > 6 MPa), the liquid−
solid interaction is dominant, the confinement effect is
enhanced, and the irreducible water saturation and pore
geometries have a great impact on the vapor−liquid
ratio.
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