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a b s t r a c t

Accurate characterization of fluid phase behavior is an important aspect of CO2 enhanced shale oil re-
covery. So far, however, there has been little discussion about the nanopore confinement effect, including
adsorption and capillarity on the phase equilibrium of water-oil-CO2 mixtures. In this study, an improved
three-phase flash algorithm is proposed for calculating the phase behavior of water-oil-gas mixture on
the basis of an extended Young-Laplace equation and a newly developed fugacity calculation model. The
fugacity model can consider the effect of water-oil-gas adsorption on phase equilibrium. A water-Bakken
oil-CO2 mixture is utilized to verify the accuracy of the flash algorithm and investigate the confinement
effect. Results show that the confinement effect promotes the transfer of all components in the vapor
phase to other phases, while the transfer of water, CO2, and lighter hydrocarbons is more significant. This
leads to a large decrease, a large increase, and a small increase in the mole fraction of the vapor, oleic, and
aqueous phases, respectively. When the confinement effect is considered, the density difference of vapor-
oleic phases decreases, and the interfacial tension of vapor-oleic phases decreases; however, the density
difference of vapor-aqueous phases increases, the interfacial tension of vapor-aqueous phases still
decreases.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Shale oil plays an increasingly significant role in the energy in-
dustry and is expected to become a major contributor to the
continued growth of crude production worldwide. The reserves of
global shale oil resources are considerable, reaching 67,840 � 108

barrels (Song et al., 2020c). The development of technologies such
as hydraulic fracturing and horizontal wells has led to the suc-
cessful production of shale oil, but the oil recovery from shale
formations is still unsatisfactory. Recently, the use of CO2 as an
injection agent to further improve shale oil recovery has attracted
more and more attention (Wu et al., 2020; Zhu et al., 2021).
However, the addition of CO2 causes the interphase mass transfers
and thermodynamic properties of formation fluids to be very
complicated (Zhou et al., 2020). To date, the knowledge of the phase
Song), songz@cup.edu.cn
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behavior of formation fluids considering the CO2 addition in shale
reserves is still insufficient, which brings difficulties to the opti-
mization design of the shale oil production (Song et al., 2021a).
Hence, more research needs to be carried out to increase our
knowledge of the phase behavior of shale fluids after CO2 injection.

The pore-throats of shale reservoirs are on the nanometer scale
(Li and Sheng, 2017). For example, in the Bakken reservoir, the
radius of pore-throat is mostly between 1 and 40 nm (Nojabaei
et al., 2013). The small pore size in shale formation creates spatial
confinement, which leads to the unpredictable phase behavior of
shale fluids (Feng et al., 2021; Yang et al., 2019). The nanopore
confinement effect in shale reservoirs changes the phase behavior
due to two main reasons: high capillary force (Zhang et al., 2017)
and strong fluid adsorption (Song et al., 2020b). Fluid adsorption
causes changes in pore size and wettability, thereby enhancing the
capillarity. Besides, the fluid adsorption in nanopores may change
the composition distribution of the reservoir fluids, thereby having
a greater impact on the fluid property and phase behavior (Liu et al.,
2018). Understanding the effect of nanopore confinement will help
to accurately describe the phase behavior of confined fluids in shale
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. The flowchart for the improved three-phase flash calculation algorithm.
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reservoirs (Feng et al., 2018b).
A considerable amount of literature has been published on the

nanopore confinement effect (Luo, 2018; Pitakbunkate et al., 2016;
Zuo et al., 2018). Through laboratory experimental studies, it has
been observed that the confinement leads to a reduction in the
saturation pressure and critical property of confined fluids (Luo
et al., 2019a; Tan et al., 2019). However, the experimental
research mainly focuses on pure components and binary mixtures,
and rarely involvesmixtures above ternary (Salahshoor et al., 2018).
In addition, laboratory experiments are difficult to truly reflect the
unconventional characteristics of shale reservoirs, so the reliability
of the experimental results remains to be discussed. To make up for
the limitations of experimental research, molecular simulation
methods have been applied to the study of the phase behavior of
confined fluids (Feng et al., 2020; Liu and Zhang, 2019; Xiong et al.,
2017). Molecular simulations can provide more information about
the fluid phase behavior in small spaces (Wang et al., 2021; Wu
et al., 2016). But the increase in pore size or fluid complexity re-
quires more approximation and more computational time, so it is
not suitable for complex mixtures and larger spaces (Song et al.,
2021b). Few studies have used molecular simulation to analyze
the fluid phase behavior in pores with a radius greater than 5 nm.
Thus, the development of universal and easy-to-use equation of
state (EOS) models to characterize the confined fluid phase
behavior has attracted increasing attention.

Extensive research has been conducted to introduce capillary
204
pressure and adsorption data into the traditional EOS and then to
determine the phase equilibrium of fluids (Dong et al., 2016; Li and
Sheng, 2017; Yan et al., 2017). However, the conventional EOS
equation fails to describe confinement in nature. Hence, in-
vestigators have beenworking to form an EOS that can consider the
confinement effect (Xiong et al., 2021b). Travalloni et al. (2010)
presented an extended van der Waals EOS using two interaction
parameters to study the adsorption behavior of confined fluids. Luo
et al. (2019b) modified the Peng-Robinson EOS with a wall-
molecule interaction coefficient to compute the phase transition
pressure and temperature in nanopores. Araújo and Franco (2019)
developed a new Statistical Associating Fluid Theory EOS to
calculate the adsorption isotherms of confined mixtures. Zhang
et al. (2019) extended the Soave-Redlich-Kwong EOS considering
the fluid-pore wall interaction to calculate the critical pressure and
temperature of confined fluids. Song et al. (2020b) proposed an
adsorption-dependent EOS (A-PR-EOS) based on the description of
fluid adsorption and discussed the effect of fluid adsorption on the
critical property shifts. However, the existing research on the
confinement effect mainly focuses on hydrocarbons, and there is
little discussion about aqueous systems.

The shale oil reservoir contains considerable water in the form
of water film or irreducible water (Feng et al., 2018a; Li et al.,
2016b). Moreover, during stimulated reservoir volume (SRV) frac-
turing in a horizontal well tens of thousands of cubic meters of
fracturing fluids (the main component is water) are injected into



Fig. 2. A fluid distribution model considering adsorption and capillarity.
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the formation, which increases the water saturation (Zhou et al.,
2020). Several attempts have been made to study the phase
behavior of the water-hydrocarbon-gas mixture in nanopores. Sun
and Li (2019) presented a three-phase flash algorithm coupled with
PR-EOS and capillary pressure to calculate the pressure-
temperature envelope of the aqueous-oleic-vapor three-phase
system. Xiong et al. (2021a) proposed an extended cubic-plus-
association EOS to determine the interfacial tensions (IFT) of
CH4eCO2eH2O mixtures in shale nanopores. Zhao et al. (2021)
calculated the IFT of H2OeCO2 and n-C10H22eCO2 systems in
nanopores based on an association EOS. However, these models do
not consider the effect of water-oil-gas adsorption on the fluid
phase behavior. Considering the coexistence of oil, gas and water,
the adsorption and distribution of fluids in the matrix pores will
make the mutual solubility and the fluid properties more compli-
cated (Guo et al., 2019; Li et al., 2016a). It is necessary to develop a
new thermodynamic model that is suitable for the water-oil-gas
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system and can reflect the confinement effect, including fluid
adsorption and capillarity.

In this study, a novel three-phase flash algorithm considering
the effect of nanopore confinement is developed to study the
mutual solubility and fluid properties of water-oil-gas mixtures. A
shale oil sample from Bakken is utilized in the case study. The effect
of nanopore confinement on the phase mole fraction, phase equi-
librium coefficient, phase density, and interfacial tension of the
water-Bakken oil-CO2 mixture is discussed in detail.
2. Modeling methodology

2.1. Improved three-phase flash algorithm

When the fugacity (f) of each component is equal in any phase,
the three-phase equilibrium can be reached. For a multicomponent
mixture, the fugacity-equality condition (Sun and Li, 2019) is given
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as,
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where superscript W, O, and V represent the aqueous, oleic, and
vapor phases, respectively;w, x, and y are themole fractions of each
component in the aqueous, oleic, and vapor phases, respectively; P
is the pressure; T is the temperature; Nc is the component number
in the mixture. It is noted that the fugacity of each component is
affected by the adsorption effect, and the pressure in each phase is
different due to the capillary pressure. These need to be considered
in the judgment of fugacity-equality to improve the flash algorithm.

During the three-phase equilibrium calculations, distribution
coefficients of components between the three phases are indis-
pensable parameters.
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where KW
i and KO

i are the vapor-aqueous equilibrium coefficient
and vapor-oleic equilibrium coefficient of the ith component,
respectively. Based on the material balance equations and the
definition of phase equilibrium coefficient, the following objective
equations (R-R equations) for a three-phase equilibrium can be
obtained,
where zi is the overall mole fraction of ith component; jW and jO

are the mole fractions of the aqueous and oleic phases, respectively.
If we know the phase equilibrium coefficients of each component,
we can solve the R-R equations for jW, jO, xi, yi, and wi.

A flowchart for the three-phase flash calculation procedure is
provided in Fig. 1. The flowchart can be summarized as follows.

(1) Input the feed composition, component properties, temper-
ature, oleic phase pressure, and initialize capillary pressure
(PcapI).

(2) Initial phase equilibrium coefficient (K-values).
(3) Calculate jO, jW, xi, yi,wi, fiO, fiV, fiW by flash calculationwith R-

R equations.
(4) If fiO ¼ fi

V ¼ fi
W is reached, then calculate capillary pressure.

Otherwise, update K-values and repeat Steps 3 to 4. The K-
values are updated by,
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(5) IF the calculated capillary pressure is equal to the initial
capillary pressure, the calculation ends. Otherwise, update
initial capillary pressure (PcapI ¼ Pcap) and repeat Steps 2 to
5.

In the following sections, the calculation methods of the
fugacity and capillary pressure are discussed in detail.

2.2. Fugacity calculation considering fluid adsorption

A fugacity calculation method for oil-gas mixtures has been
proposed to consider the adsorption effect using A-PR-EOS in a
previous study (Song et al., 2020b). In this paper, based on the A-
PR-EOS and the description of water-oil-gas adsorption, a new
formula is developed to determine the fugacity in water-oil-gas
systems, the details of the fugacity calculation formula derivation
are listed in the Supplementary Information.
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where ci and cj are the mole fraction of the ith and jth components
in any phase, respectively; Z is the compressibility factor; kij is the
binary interaction parameter (BIP); A and B are the EOS parameter.
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where Pci is the critical pressure of the ith component; Tci is the
critical temperature of the ith component; R is the universal gas
constant; b is the reduced adsorption density; g is the dimen-
sionless adsorption radius; Rp is the pore radius; d is the adsorption
thickness.

As for the oil-gas system, the reduced adsorption density bog
and the adsorption thickness dog can be calculated by,
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where m and n are empirical parameters; sLJ is the Lennard-Jones
size parameter.

As for the water system, the reduced adsorption density bw and
the adsorption thickness dw can be calculated by,
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As for thewater-oil-gas mixture, the reduced adsorption density
b and the adsorption thickness d can be calculated by,

b ¼ ð1� εÞbog þ εbw
d ¼ ð1� εÞdog þ εdw

(11)

where ε represents the coverage coefficient of water, which is the
fraction of thewetted area of watermolecules in the total pore area.
In this study, ε is approximately set equal to the water feed.
2.3. Capillary pressure calculation

According to the research of many scholars, the fluid distribu-
tion of a three-phase system is very complicated in a confined
space, which causes the diversity of the capillary pressure in shale
nanopores. Sun and Li (2019) summarized six possible fluid dis-
tributions considering capillary pressure, and their research
showed that for different fluid distributions, capillary pressure has
similar effects on phase behavior. Thus, in this work, we only
choose one possible fluid distribution to study the effect of capil-
larity. The given fluid distribution model considering adsorption
and capillarity in a 1D capillary tube is proposed, as shown in Fig. 2.
Table 1
Composition data of the water-oil-CO2 mixture (Nojabaei et al., 2013).

Component zi Pc, KPa Tc, K MW, lb/mol u Parachor

H2O 1.00000 22088.85 647.30 18.015 0.3440 52.0
CO2 1.00000 7376.46 304.20 44.010 0.2250 78.0
C1 0.36736 4516.20 186.30 16.535 0.0102 74.8
C2 0.14885 4977.94 305.54 30.433 0.1028 107.7
C3 0.09334 4245.51 369.98 44.097 0.1520 151.9
C4 0.05751 3767.71 421.78 58.124 0.1894 189.6
C5eC6 0.06404 3180.48 486.38 78.295 0.2684 250.2
C7eC12 0.15854 2505.14 585.14 120.562 0.4291 350.2
C13eC21 0.0733 1721.00 740.05 220.716 0.7203 590.0
C22eC80 0.03704 1310.83 1024.72 443.518 1.0159 1216.8

Table 2
BIPs of the water-oil-CO2 mixture (Nojabaei et al., 2013).

Component H2O CO2 C1 C2 C3

H2O 0 0.0952 0.4500 0.4500 0.530
CO2 0.0952 0 0.1200 0.1200 0.120
C1 0.4500 0.1200 0 0.0050 0.003
C2 0.4500 0.1200 0.0050 0 0.003
C3 0.5300 0.1200 0.0035 0.0031 0
C4 0.5200 0.1200 0.0035 0.0031 0
C5eC6 0.5200 0.1200 0.0037 0.0031 0
C7eC12 0.5000 0.1200 0.0033 0.0026 0
C13eC21 0.5000 0.1200 0.0033 0.0026 0
C22eC80 0.5000 0.1200 0.0033 0.0026 0
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As for the fluid distribution shown in the Fig. 2, the relationship
of the three phase pressures can be expressed as,



PV � PW ¼ Pcvw
PV � PO ¼ Pcvo

(12)

where Pcvw is the capillary pressure between the vapor and
aqueous phases; Pcvo is the capillary pressure between the vapor
and oleic phases.

The Young-Laplace equation is served as the basic model to
calculate the capillary pressure. With the modified pore radius and
interfacial tension (IFT) (Tan and Piri, 2015) and the assumptions of
zero contact angle, the traditional Yong-Laplace is modified to
calculate Pcvw and Pcvo.
C4 C5eC6 C7eC12 C13eC21 C22eC80

0 0.5200 0.5200 0.5000 0.5000 0.5000
0 0.1200 0.1200 0.1200 0.1200 0.1200
5 0.0035 0.0037 0.0033 0.0033 0.0033
1 0.0031 0.0031 0.0026 0.0026 0.0026

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

Fig. 3. The phase mole fraction of the water-oil-CO2 mixture at P ¼ 10 MPa and
T ¼ 388:7 K.



Fig. 4. The phase equilibrium coefficient of the water-oil-CO2 mixture at P ¼ 10 MPa and T ¼ 388:7 K: (a) vapor-aqueous equilibrium coefficient; (b) vapor-oleic equilibrium
coefficient.

Fig. 5. The phase density of the water-oil-CO2 mixture at P ¼ 10 MPa and T ¼ 388:7 K.
Fig. 6. The interfacial tension and capillary pressure of the water-oil-CO2 mixture at
P ¼ 10 MPa and T ¼ 388:7 K.
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where svw is the IFT between vapor and aqueous phases in nano-
pore; svo is the IFT between vapor and oleic phases in nanopore;
s∞vw is the flat surface tension between vapor and aqueous phases;
s∞vo is the flat surface tension between vapor and oleic phases.

The Macled-Sugden equation (Weinaug and Katz, 1943) has
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been widely used to predict the interaction tension of oleic-vapor
and aqueous-vapor (Dong et al., 2016; Sun and Li, 2019). There-
fore, The Macleod-Sugden equation is chosen to calculate the flat
surface tension between two phases in this paper,
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where Pchi is the parachor; rW, rO and rV are the molar density of
the aqueous, oleic, and vapor phases, respectively.
3. Results and discussion

The effect of confinement on the three-phase equilibrium of the
water-oil-CO2 mixture is discussed. A shale oil sample from the
Bakken reservoir (Nojabaei et al., 2013) is utilized in the case study.
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The physical properties and the BIPs of the components are shown
in Tables 1 and 2, respectively. The phase equilibrium coefficients of
the water-oil-gas mixture in the bulk state are calculated and
compared with the PVTsim software and with our three-phase
flash code, and the comparison results are shown in Table S3 in
the Supplementary Information. It is found that the phase equilib-
rium coefficients calculated by our code are very consistent with
those calculated from PVTsim (The average error is 0.023%), which
verifies the correctness and robustness of our algorithm.

3.1. Phase mole fraction

The effect of confinement on themass transport of water-oil-gas
mixtures is investigated using the improved three-phase flash al-
gorithm. Fig. 3 shows the phase mole fractions of the water-oil-CO2
mixture under different pore radii at P ¼ 10 MPa and T ¼ 388:7 K.
The system contains 32.02 mol% aqueous, 20.99 mol% oleic, and
46.99 mol% vapor under the pore radius of 100 nm.With a decrease
in the pore size (especially when the Rp is less than 40 nm), the
mole fraction of the vapor phase decreases, and themole fraction of
oleic and aqueous phases increases. When the pore radius is
reduced to 10 nm, the mole fraction of the aqueous phase slightly
increases to 34.46%, themole fraction of the oleic phase increases to
35.82%, and the mole fraction of the vapor phase decreases to
29.72%. The result shows that the nanopore confinement effect
promotes the transfer of molecules in the vapor phase to the
aqueous and oleic phases. That is because the confined molecules
have a layered and ordered structure caused by the nanopore
constraints and the fluid-wall interactions (Wu et al., 2016).
Therefore, the molecules in nanopores have a tendency to form
denser phases, namely the aqueous and oleic phases.

3.2. Phase equilibrium coefficient

In this section, the phase equilibrium coefficients of the water-
oil-CO2 mixture are calculated to further illustrate the effect of
confinement on mass transport. Fig. 4 presents the vapor-aqueous
equilibrium coefficient (KW) and vapor-oleic equilibrium coefficient
(KO) of each component under different pore radii. As the pore size
decreases, the KW and KO of water, CO2, and lighter hydrocarbons
(including C1, C2, C3, and C4) are all decreased, the KW and KO of
heavier hydrocarbon (including C5eC6, C7eC12, C12eC21, and
C22eC28) are all increased. This means that all components in the
vapor phase tend to enter the other phases, but the transfer of
water, CO2, and lighter hydrocarbons is more significant due to
their high initial content in the vapor phase. An important phe-
nomenon can also be found in Fig. 4: for almost all components, the
change of KO is more significant than KW. In other words, the
confinement effect presents a greater impact on the transfers be-
tween the vapor and oleic phases than the component between the
vapor and aqueous phases.

3.3. Phase density

Here, the fluid phase density of thewater-oil-CO2mixture under
different pore sizes is calculated and shown in Fig. 5. The result
shows that the density of the aqueous phase is almost unchanged,
the density of the oleic phase is reduced sharply, the density of the
vapor phase is reduced slightly with the reduction of pore radius.
That causes the density difference between the aqueous and vapor
phases to increase and the density difference between the oleic and
vapor phases to decrease. The reason is that the heavy components
have a greater tendency to enter the oleic phase than light com-
ponents (Song et al., 2020a), resulting in an increase in the pro-
portion of light components in the vapor phase and a slight
209
decrease in the density of the vapor phase. On the other hand, due
to the high initial content of light components in the vapor phase,
the number of light components entering the oleic phase is greater
than the number of heavy components. Therefore, the light com-
ponents in the oleic phase increase, and the density of the oleic
phase decreases.
3.4. Interfacial tension and capillary pressure

Fig. 6 shows the IFT of the water-oil-CO2 mixture under different
pore radius. It can be observed that the IFT between vapor and
aqueous phases (svwÞ and the IFT between vapor and oleic phases
(svoÞ are both decreased with the reduction of the pore size. Due to
the presence of nanopore confinement, the composition differ-
ences between vapor and liquid phases become smaller, leading to
a decrease in svw and svo. Besides, the confinement effect presents
a greater impact on the transfers between the vapor and oleic
phases than the transfers between the vapor and aqueous phases.
Thus, the change of svo is more significant than svw, as shown in
Fig. 6.

The capillary pressures of the water-oil-CO2 mixture under
different pore radii are also shown in Fig. 6. As the pore size be-
comes smaller, the capillary pressure between vapor and aqueous
phases ðPcvwÞ continues to increase; however, the capillary pres-
sure between vapor and oleic phases ðPcvoÞ increases under larger
pore sizes and then decreases under extremely small pore sizes
(such as Rp <7 nm). It can be attributed to the fact that the reduced
IFT and the decreased pore size have opposite effects on capillary
pressure. For the vapor-aqueous phases, the svw changes slowly, so
the influence of the pore radius is dominant. For the vapor-oleic
phases, the svo changes slowly under a larger pore radius, thus
the influence of pore radius is also dominant; However, the svo
changes greatly under extremely small pore radii, thus the svo is
relatively more dominant in Pcvo, resulting in a decrease in Pcvo as
the pore size decreases.
4. Conclusions

In this study, an improved three-phase flash algorithm is pro-
posed to study the effect of nanopore confinement, i.e., the syn-
thetic effect of fluid adsorption and capillary pressure on the phase
equilibrium of the water-oil-CO2 mixture. The main finding and
conclusions are summarized as follows.

(1) The confinement effect promotes the transfer of components
in the vapor phase to the aqueous and oleic phases, and the
transfer of water, CO2, and lighter hydrocarbons is more
significant. This leads to a large decrease, a large increase,
and a small increase in the mole fractions of the vapor, oleic,
and aqueous phases, respectively.

(2) Due to the confinement effect, the density difference be-
tween the aqueous and vapor phases increases, and the
density difference between the oleic and vapor phases
decreases.

(3) When the confinement effect is considered, the svw and svo
are both decreased with the reduction of the pore size, while
the change of svo is more significant than svw.

(4) The Pcvw continues to increase with the reduction of the pore
size; however, the Pcvo increases under larger pore size and
then decreases under smaller pore size (such as Rp <7 nm).

(5) The confinement effect presents a greater impact on the
transfers between the vapor and oleic phases than the
transfers between the vapor and aqueous phases. Besides,
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when the Rp is less than 40 nm, the confinement effect is
noteworthy and cannot be ignored.
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