
Heliyon 9 (2023) e15675

Available online 23 April 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Coupling effect of critical properties shift and capillary pressure on 
confined fluids: A simulation study in tight reservoirs 

Yuhua Ma a, Zhihong Kang a, Xin Lei a, Xiaodong Chen b, Congbo Gou b,c, 
Zhijiang Kang d, Shuoliang Wang a,* 

a School of Energy Resources, China University of Geosciences, Beijing, 100083, China 
b Research Institute of Exploration and Development of Changqing Oilfield, PetroChina, Xi’an, 710000, Shaanxi Province, China 
c Nation Engineering Laboratory for Exploration and Development of Low Permeability Oil and Gas Field, Xi’an, 710000, Shaanxi Province, China 
d Sinopec Petroleum Exploration and Development Research Institute, Beijing, 100083, China   

A R T I C L E  I N F O   

Keywords: 
Compositional numerical simulation 
Confined effect 
Phase behavior 
Critical properties shift 
Capillary pressure 

A B S T R A C T   

Critical properties shift and large capillary pressure are important contributors for the phase 
behavior altering of nanopore fluid. However, the effects of critical properties shift and large 
capillary pressure on the phase behavior are ignored in traditional compositional simulators, 
leading to inaccurate evaluation results of tight reservoirs. In this study, phase behavior and 
production of confined fluid in nanopores are studied. First, we developed a method for coupling 
the effect of critical properties shift and capillary pressure into the vapor-liquid equilibrium 
calculation base on Peng-Robinson equation of state. Second, a novel fully compositional nu-
merical simulation algorithm considering effect of critical properties shift and capillary pressure 
on phase behavior is accomplished. Third, we have discussed the alterations of critical properties 
shift effect, capillary pressure effect and coupling effect on the composition of oil and gas pro-
duction in detail. The critical properties shift and capillary pressure effects on oil and gas pro-
duction in tight reservoirs are analyzed quantitatively through four cases, and the influences of 
the two effects in oil/gas production are compared. Based on the fully compositional numerical 
simulation, the simulator can rigorously simulate the impacts of component changes during 
production. The simulation results show that both the critical properties shift effect and the 
capillary pressure effect reduce the bubble point pressure of Changqing shale oil, and the influ-
ence are more prevalent in pores of smaller radius. In pores is larger than 50 nm, the phase 
behavior altering of the fluid can be ignored. In addition, we devised four cases to comprehen-
sively investigate the effects of critical properties shift and large capillary pressure on production 
performance of tight reservoirs. The comparisons between the four cases show that the capillary 
pressure effect impacts the reservoir production performances greater than the critical properties 
shift effect, such as higher oil production, higher GOR, and lower content of lighter component 
and higher content of heavier component in the residual oil/gas. The results of coupling effects 
indicate that the critical properties shift effect would suppress the effect of the capillary pressure 
effect. In particular, the difference between the simulation results of the coupling effects and the 
base case is smaller than that between the simulation results of the capillary pressure effect and 
the base case.  
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1. Introduction 

With the technological innovations in the past few decades, tight reservoirs with abundant original oil in place have aroused strong 
interests for production and have been further developed and utilized [1]. However, the production of tight reservoirs still faces 
multiple challenges [2–4]. Tight reservoirs are characterized by low porosity [5], low permeability [6,7] and narrow pore radius 
[6–11]. One of the most important factors in the evaluation of tight reservoirs is the phase behavior of fluids (hereafter referred to as 
“confined fluids”), which induces obvious deviations from the bulk fluids [12–14]. To understand the phase behavior of confined fluids 
better, some researchers conducted experiments [15–17] and suggested that the phase behavior of confined fluids differs from that of 
bulk fluids a lot due to the different intrinsic interactions between fluids and the pore wall [18–21]. According to recent research, some 
effects are thought to affect the phase behavior of nanofluids, such as capillary pressure [10,22,23], critical properties shift [24–27], 
adsorption [28–31], interfacial tension [9,32], pore shape [33,34] and pore wall roughness, etc. Among them, capillary pressure and 
critical properties shift are more significant effects than others. 

In order to modify the influence of the confined effect on the phase behavior and make the predicted results more accurate and 
compared with the experimental data, many models have been proposed to characterize the phase behavior of confined fluids. 
Travalloni et al. [35] has modified the van der Waals equation of state to predict critical points of mechanical stability for confined 
fluids. It is shown that the critical points of confined fluids depended on pore size with considering the molecule–molecule and the 
molecule–wall interactions. Nojabaei et al. [7] modified phase equilibrium equations only based on the consideration of capillary 
pressure effect. The results show that the PVT properties of Bakken oil shifts apparently in reservoirs with large amounts of small pores. 
Subsequently, Telku et al. [23] coupled the capillary pressure and the critical properties shift in the calculations of conventional 
vapor-liquid equilibrium (VLE) for nanopore fluids. The difference of the thermodynamic properties between confined fluids and bulk 
fluids, such as bubble points, dew points, and IFT were studied. Furthermore, Chen et al. [36] developed a calculation method for 
upscaled phase behavior to account for competitive adsorption and capillary pressure in nanopores. It is reported that heavier com-
ponents tend to reside in smaller pores and suppress the bubble point pressure which are calculated with considering capillary pressure 
and competitive adsorption. However, these models are only mathematical formulas calculating phase behaviors, examined the effect 
of capillary pressure on merely a portion of the phase envelopes, which cannot be directly applied in simulating the exploitation of 
unconventional reservoirs. 

Although a large number of scholars have studied the factors affecting the phase behavior of confined fluids, there still lacks 
quantitative estimations of the relative influence of each factor. The influence of confined effects on reservoir evaluation is still not 
clear. Further works should be done to clarify the confined effects in the production of tight reservoirs. Specifically, to obtain accurate 
estimates, a reliable numerical simulator for shale and other tight reservoirs is required urgently. 

Many recent modeling studies have focused on the differences in results due to confined effects of nanofluids [6,37,38]. These 
researches integrated capillary confinement based on the PVT measurements, pore size shrinkage due to compaction effect, pore throat 
size distribution and fluids saturation, shed light on some of the inconsistencies between the simulated and observed production, such 
as the discrepancies between the behaviors of gas-oil ratio (GOR) and oil production rate. However, in previous studies, the discussion 
is insufficient. Some scholars only discussed the influence of capillary pressure on the numerical simulation results, while others only 
discussed the influence of critical properties shift on the numerical simulation results. Considering the effect of capillary pressure in the 
calculation of VLE, Nojabaei et al. [7] gave a reduced bubble-point pressure and more accurate history matching of flow rate for the 
Bakken shale. Wang et al. [39] presented a compositional numerical simulator calculating the effect of capillary pressure on VLE with 
stability test and two-phase split flash calculation algorithms, and obtained lower bubble point pressure, liquid density and the oil 
viscosity results. The history matching of inconsistent GOR is also resolved. Similarly, in Siripatrachai’s study [40] and our previous 
study [41], only the influence of capillary pressure on numerical simulation is discussed. Based on the results from these studies, it can 
be seen that considering capillary pressure into the calculation of VLE in numerical simulator will improve the reliability of recovery 
prediction. 

On the other hand, critical properties shift is also an important factor affecting the phase behavior of nanofluids. As early as 1970, 
the influence of critical properties shift on phase behavior has been studied for a long time. However, few scholars have combined 
critical properties shift and capillary pressure into numerical simulators. As for the coupling effects of Capillary pressure and critical 
properties shift in the phase behavior of nanofluids, Li and Sheng [42] discussed the influence of critical properties shift and capillary 
pressure on the phase envelope curve of multicomponent fluids. Furthermore, Zhang et al. [43] integrated the effects of both the 
critical properties shift and capillary pressure into a black oil numerical simulator. However, in the black oil model, the change of 
capillary pressure with the composition of fluids in production is neglected. When using Young-Laplace equation to calculate capillary 
pressure, densities of the liquid, vapor phases, and mole fractions of components in the liquid and vapor phases are indispensable, and 
these parameters need to be iterated into the calculation of phase equilibrium. Therefore, it is necessary for the fully compositional 
numerical simulator to consider the influence of capillary pressure and critical properties shift into the calculation of VLE for tight 
reservoirs. 

Capillary pressure and critical properties shift play important roles in changing the phase behavior of confined fluids. These two 
effects exhibit different dominant positions in reservoir development and different effects on different reservoir components. In order 
to obtain the basic principles and quantitative results of the two coupled effects in different reservoirs, we need to understand how a 
single effect or combined effects impact the phase behavior of confined fluids, and further how it impacts the numerical simulation 
results. This shows important implications for improving field operation strategies meanwhile enhances the reliability of recovery 
predictions. 
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In this work, we evaluated the influences of confined effects on tight reservoir production from the perspective of capillary pressure 
and critical properties shift. First, the specific modification of the VLE calculation considering critical properties shift and capillary 
pressure is described. The influence of critical properties shift and large capillary pressure on phase behavior of hydrocarbon mixtures 
is discussed. Then, a reservoir model is established according to the geological data of Changqing oilfield shale reservoir, and the 
confined effect is added to the numerical simulation. Finally, the sensitivities of parameters are analyzed. The effects of capillary 
pressure, critical properties shift and their coupling on production parameters such as saturation, oil and gas production and 
composition are quantitatively compared for the first time. 

2. Methodology 

The compositional simulator simulates the changes of fluid components and distribution more accurately than black oil simulator 
during the exploitation and development. Thus, in this study, we developed a fully implicit reservoir compositional simulator and 
integrated the influence of critical properties shift and capillary pressure into the calculation of vapor/liquid phase equilibrium to 
compare the influences of confined effects on the phase behavior of nanofluid. In this section, the evaluation of the critical properties 
shift and the capillary pressure are presented, and the method for coupling the two effects into the VLE calculation are described. 

2.1. Evaluation of critical properties shift 

The critical properties of hydrocarbon components in nanopores vary with pore size [44], and the correlation formula of critical 
properties shift and pore size were proposed by Zhang et al. [45,46], Alharthy et al. [8] and Zarragoicoechea et al. [47], respectively. 
We compared and analyzed these two correlation formulas: 

On the one hand, in Zhang’s method [45,46], two generalized analytical formulations considering the critical temperature and 
critical pressure shift for fluid adsorption in nanopores are initially proposed on the basis of modified van der Waals and SRK EOSs. 

On the other hand, in Alharthy’s method [8], the shift of critical properties is only related to the pore radius and the critical 
properties of pure component in bulk. The shift in critical pressure is not correlated with the critical temperature, and similarly the shift 
in critical temperature is not correlated with the critical pressure. 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ΔPc

Pcb
= − 0.4097d + 1.2142

ln
(

ΔTc

Tcb

)

= 0.093764 − 0.929d
Equation 1  

where Tcb and Pcb are the critical temperature (K) and critical pressure (Pa), ΔTc and ΔPc are the shift of the critical temperature and 
critical pressure in the pores from that in bulk; d is the pore diameter (m). 

In Zarragoicoechea’s method [47], the relationship between the shift of critical properties and Lennard-Jones impact diameter (σLJ) 
and pore radius (rp) are developed base on the critical temperature and pressure shift of argon, xenon, carbon dioxide, oxygen, nitrogen 
and ethylene in McM-41: 
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Tcb
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3

√

Equation 2  

where rp is the pore radius (nm)， Tcb and Tcp are the critical temperature of bulk fluids (K) and the critical temperature of confined 
fluids (K)， σLJ is Lennard-Jones collision diameter (nm)， Pcb and Pcp are the critical pressure of bulk fluids (atm) and the critical 
pressure of confined fluids (atm). 

Compared with equation (2), equation (1) cannot represent bulk phase when the pore diameter is infinite; in addition, equation (2) 
matched well with the experimental data [48] and the Grand Canonical Monte Carlo (GCMC) simulation results [44]. Furthermore, in 
this study the Peng-Robinson equation of state (PR-EOS) [49] is used. Therefore, equation (2) was applied in this study. 

2.2. Evaluation of capillarity effect 

The capillary pressure is determined by the pore geometry and the wettability of the rock surface. The classical method can be 
applied in nanopores, presenting as below. 

When calculating the capillary pressure between oil and gas, it is assumed that the reservoir is oil wet, thus the gas phase pressure 
can be expressed as: 

PV =PL+Pcap Equation 3 
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The capillary pressure is calculated according to Young Laplace equation: 

Pcap =
2σ cos θ

rp
Equation 4  

where Pcap is capillary pressure (Pa); σ is interfacial tension (IFT) between vapor and liquid phase (N/m); θ is the contact angle 
(assumed to be 45◦ in this study)，and rp is radius (nm); σ is calculated using the following relationship established by MacLeod and 
Pedersen [50,51]: 

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

σ = (PLρL − PV ρV)
v

PL =
∑Nc

i=1
xiPi

PV =
∑Nc

i=1
yiPi

Equation 5  

where v is the scaling exponent, v = 3.6; ρL/V is the average molar density of bulk liquid/vapor phases (mole/cm3); xi and yi are the 
mole fraction of component i for liquid and vapor phases, respectively; Pi is the parachor of liquid/vapor phases: 

Pi =(8.21307+ 1.97473ωi)T1.03406
ci P− 0.82636

ci Equation 6 

Fig. 1. Workflow for modified vapor/liquid-phase equilibrium calculation.  
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where ωi is the acentric factor， Tci is critical temperature (K), Pci is critical pressure (bar). 
According to equations (4) and (5), the capillary pressure depends on the density and composition of oil and gas phase, which are 

obtained by Newton iterations in phase equilibrium calculation. 
Therefore, in this study, the calculation of capillary pressure is added to the Newton iteration of phase equilibrium. The capillary 

pressure (Pcap) between the gas and the oil phase is calculated by solving the objective function iteratively as shown in the workflow of 
Fig. 1. Firstly, initial guess value (Pcap = 500 Pa) for the initial capillary pressure was set. In each iteration cycle, the density and 
composition of oil and gas phase are calculated, and then the IFT and capillary pressure. Subsequently, the newly obtained capillary 
pressure is used as the input parameter to calculate the pressure and fugacity of oil and gas phase. Finally, whether the phase equi-
librium converges or not are determined. If the converges are obtained, the phase equilibrium calculation is cut off. If it does not 
converge, K-value is updated and the Newton iteration process are repeated until it converges. 

2.3. Modification of VLE calculation 

The improved process based on the classical flow of the VLE calculation are presented in this section. The main modifications 
involve the consideration of (I) critical properties shift and (II) capillary pressure in the calculation of VLE. Fig. 1 shows a modified 
workflow for VLE calculations with coupled critical properties shift or capillary pressure effect. The detailed description is as follows：  

(I) Critical properties shift. As shown in the blue frames in Fig. 1, at the beginning of the calculation, the critical properties are 
required to determine whether this shift effect should be considered when the fluid critical temperature (Tc) and critical 
pressure (Pc) are input. The Peng-Robinson equation of state (PR-EOS) [49] are used for calculating VLE: 

P=
RT

V − b
−

a
V(V + b) + b(V − b)

Equation 7  

where P is pressure (MPa); T is temperature (K); V is molar volume (m3/kmol); R is gas constant; a and b are parameters of PR-EOS. 
For confined fluid in nanopores, the parameters of PR-EOS are rewritten as: 

a= 0.45724
R2

[(
1 − ΔT∗

c

)
Tc
]2α(T)

(
1 − ΔP∗

c

)
Pc

Equation 8  

b= 0.07780
R
(
1 − ΔT∗

c

)
Tc

(
1 − ΔP∗

c

)
Pc

Equation 9  

where α(T) =

[

1 + k
(

1 −

[
T

(1− ΔT∗
c )Tc

]0.5)]2

; k is the constant property of each substance. The correlation equation is: k = 0.37464+

1.54226ω − 0.26992ω2, where ω is the eccentricity factor. 
For a fluid mixture, the van der Waals mixing rule is used for calculating constants a and b. 

am =
∑

i

∑

j
xixj

(
aiaj

)0.51 − δij Equation 10  

bm =
∑n

i=1
xibi Equation 11  

where xi, xj is the mole fraction of component i, j; ai, aj and bi are parameters of PR-EOS for pure component i,j; δij is the binary 
interaction coefficient of components i and j.  

(II) Capillary pressure. As shown in the orange frames in Fig. 1, capillary pressure is evaluated before calculating the fugacity to 
determine if this effect should be considered. It can be revealed by adding the gas phase partial pressure (PV) to the VLE cal-
culations. To solve the PR-EOS containing the gas-phase pressure and the liquid-phase pressure, the parameters AL、 BL、 AV 
and BV are set. For a mixture, the PR-EOS is rewritten as: 

ZL
3 − (1 − BL)ZL

2 +
(
AL − 3BL

2 − 2BL
)
ZL −

(
ALBL − BL

2 − BL
3)= 0 Equation 12  

ZV
3 − (1 − BV)ZV

2 +
(
AV − 3BV

2 − 2BV
)
ZV −

(
AV BV − BV

2 − BV
3)= 0 Equation 13 

where 

AL =
aPL

R2T2AV =
aPV

R2T2BL =
bPL

RT
BV =

bPV

RT 

According to Gibbs’ free energy principle, the smallest real root is solved as the liquid-phase compression factor ZL and the largest 
real root as the vapor-phase compression factor ZV . 
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Furthermore, ZL, ZV are substituted into the fugacity coefficient (∅i) equation: 

ln ∅i
V =

bi

bm
(ZV − 1) − ln(ZV − BV) −

ZV

2
̅̅̅
2

√
BV

⎛
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Equation 14  

ln ∅i
L =
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ZL

2
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2

√
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⎛

⎜
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[
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1 +

̅̅̅
2
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(
1 −

̅̅̅
2

√ )
BL

]

Equation 15  

where ∅i
V and ∅i

L are fugacity coefficient of vapor and liquid phases for a mixture; am and bm are parameters of PR-EOS for a mixture in 
Equation (10) and (11). 

The fugacity can be calculated by: 

f = zi∅iP Equation 16  

where zi is the mole fraction of component i. 
To determine whether the gas phase fugacity fV and liquid phase fugacityfL are in equilibrium： 

丨fL(T,P, x) − fV(T,P, y)丨< 10− 5 Equation 17  

where fL is the fugacity of the components in the liquid-phase, fV is the fugacity of the components in the vapor-phase. 
According to thermodynamics, when the gas phase fugacity is equal to the liquid phase fugacity, the equilibrium of the vapor and 

liquid phases is achieved. 

3. Reservoir simulation 

Tight reservoirs or shale reservoirs are featured by extremely low porosity and permeability. In the process of primary oil recovery, 
there are large amount of oil trapped in small pores [52]. The production relied on nature energy depletion, such as Changqing Oilfield 
in China, where the oil recovery rate of most single wells decreases rapidly, and the recovery rates reach very low levels [53,54]. For 
conventional reservoirs, water flooding is a common method to maintain formation pressure. However, for tight oil reservoirs, the 
water-flooding could not improve the oil recovery effectively, and the oil sweep efficiency is very hard to improve. Gas injection is the 
promising method to improve oil recovery. Moreover, tight reservoirs have a better CO2 reservoir storage performance due to their 
extremely small pore size than the conventional reservoirs. The maximum storage height and storage capacity can be optimized in 
shale reservoirs by considering the nanoconfined effect [55]. In this study, a fully implicit reservoir compositional simulator is used to 
simulate the oil production for a CO2 flooding process in tight reservoir. 

3.1. Multi-components mixtures 

The fluids type applied in the numerical simulation is a multi-components mixtures of shale oil from the well XP-2 in Changqing 
Oilfield, China. The component composition, basic properties and the binary interaction parameters coefficients are listed in Tables 1 
and 2. 

3.2. Reservoir model parameters 

We established a simple cubic reservoir model. The model includes 5000 grids, 5 vertical wells and a hydraulic fracture. The 
reservoir parameters are shown in Table 3. As shown in Fig. 2, five vertical wells form a five point well pattern, a production well at the 
middle of the reservoir and four injection wells at the middle of the reservoir. The production well is produced under constant pressure 
(3 MPa) for 1600 days, and CO2 gas is injected into the injection well at constant rate (400 m3/day) for 1200 days. 

Table 1 
Component properties of the fluids mixtures.  

Component Pc (MPa) Tc (K) Acentric fact (unitless) Mol. Weight (g/mol) Zi (%) 

CO2 7.3866 304.7 0.225 44.010 1.2 
CH4 4.6042 190.6 0.008 16.043 38.7 
C2H6toNC4 4.4479 353.0 0.135 40.073 19.4 
C5toC7 3.2337 518.4 0.286 88.287 11.9 
C8toC12 2.7371 596.7 0.393 120.188 23.5 
C13toC20 1.8091 724.0 0.659 212.091 4.1 
C21toC36 1.2224 829.6 0.956 333.462 1.2  
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The relative permeability curve of oil-water is shown in Fig. 3(a), and the relative permeability curve of liquid-gas is shown in Fig. 3 
(b). The oil phase can only transition with the gas phase, and the sum of oil, gas and water saturation is 1. 

3.3. Cases 

In this study, we designed four different cases, based on which the coupling effect of capillary pressure (10 nm) and critical 
properties shift in phase equilibrium calculation can be compared quantitatively. They are:  

(1) Base Case 

In the calculation of gas-liquid equilibrium, the commercial numerical simulation software ignores the effect of confining effect on 
the phase behavior of nano-pore fluids. Thus, neither the capillary pressure nor the critical properties shift is considered.  

(2) A case where the capillary pressure is considered in phase equilibrium (PC case) 

The capillary pressure is calculated by Young-Laplace equation in the calculation of gas-liquid equilibrium. In the calculation of the 
vapor/liquid-phase equilibrium, the gas phase pressure is added into the PR equation of state. The specific calculation process has been 
described in equations (3)–(5). 

Table 2 
Binary interaction parameters for fluids mixtures.   

CO2 CH4 C2H6toNC4 C5toC7 C8toC12 C13toC20 C21toC36 

CO2 0 0.105000 0 0 0 0 0 
CH4 0.105000 0 0.006552 0.026504 0.039073 0.068651 0.096291 
C2H6 to NC4 0 0.006552 0 0.006911 0.014147 0.034461 0.055802 
C5 to C7 0 0.026504 0.006911 0 0.001312 0.010894 0.024543 
C8 to C12 0 0.039073 0.014147 0.001312 0 0.004686 0.014699 
C13 to C20 0 0.068651 0.034461 0.010894 0.004686 0 0.002841 
C21 to C36 0 0.096291 0.055802 0.024543 0.014699 0.002841 0  

Table 3 
Reservoir model parameters.  

Parameters Value 

Reservoir dimension 25*25*8 
Grid size 40*40*5 m 
Formation thickness 5 m 
Initial reservoir temperature 60 ◦C 
Initial reservoir pressure 15 MPa 
Porosity 8% 
Matrix permeability 10 × 10− 3μm2 

Fracture permeability 1000 × 10− 3μm2 

Initial water saturation 35% 
Initial oil saturation 65% 
Number of components 7 
Number of wells 5 
Injection well specification Constant RATE: 400m3/day 
Production well specification Constant BHP: 3 MPa  

Fig. 2. Three-dimensional and vertical view of a five point well pattern model with a hydraulic fracture.  
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(3) A case where the critical properties shift is considered in phase equilibrium (CPS case) 

The critical properties shift is considered in the vapor/liquid-phase equilibrium calculation, and the critical properties shift is 
calculated by equation (2).  

(4) A case where the critical properties shift and capillary pressure are combined in calculating phase equilibrium (CPS&PC case) 

Both the capillary pressure and the effect of critical properties shift are considered. In the initial input of pure component prop-
erties, the confined critical temperature and pressure are used. In the vapor/liquid-phase equilibrium calculation, the capillary 
pressure calculated by Young-Laplace equation was added to PR equation of state. 

4. Results and discussions 

4.1. Confined phase behavior 

4.1.1. Critical properties shift 
As shown in Fig. 4 (a) and (b), the absolute shift of critical temperature and pressure for each pure component (Table 1) of the XP-2 

shale oil mixture are presented according to different pore radius based on equation (2). Obviously, the critical temperature and 

Fig. 3. Relative permeability curve for (a) oil-water phase and (b) liquid-gas phase.  

Fig. 4. (a)Critical temperature of pure component vs. pore radius; (b) Critical pressure of pure component vs. pore radius.  
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pressure shifts both increase with decreased pore width, especially at rp less than 50 nm. For example, with rp changing from 50 to 5 
nm, the reduction of critical T and P increased at least 15 and 2E5 times of the initial levels, respectively. Nevertheless, with rp changing 
from 100 to 50 nm, the alters of the critical properties are so small (1–5 times) that can be ignored. 

In pores at the same size, the absolute reduction of critical temperature for heavy components is greater, whereas those of the 
critical pressure are usually lower than that of the light components. The absolute reduction in the critical pressure of CH4 is an 
exception, which is far less than the Pc variation of CO2, plotted close to C8–C12, which may be related to the fact that the critical 
pressure of CH4 bulk fluids is smaller than that of CO2 bulk fluids. 

Fig. 5 shows the dimensionless critical pressure shift and the critical temperature shift of pure components in the XP-2 shale oil 
calculated from Equation (2) at different pore radius. It can be demonstrated that for all the pure components in the legend, the relative 
shift of critical properties increases with decreased pore radius. At the same pore radius, the greater the molar molecular weight of 
components is, the greater the Tc/Pc shift is, according to which the data values of CH4 and CO2 are almost the same. Namely, the 
critical properties shift effect is more prevalent in reservoirs with smaller pore size and heavier fluid components.. 

Fig. 6 shows the critical temperature and pressure of pure CO2 component, pure CH4 component and pseudo C21–C36 component 
in different sizes of pores (radius = 5, 10, 20, 50 and 100 nm). The data points of different components from distinct groups, while the 
points of the same component cluster close no matter what the pore sizes are. For the total three data clusters, with pore size ranging 
from 100 nm to 5 nm, both Tc and Pc decrease, inducing a shifting trend to the lower left corner in the Pc-Tc figure. Since the distances 
between the points for rp is 5 nm (red) and 10 nm (orange) are farther than that between rp is 50 nm (blue) and 100 nm (black), the Pc 
and Tc shifts are larger in smaller pores, impling that the critical properties shift in nano-pores are more apparent. Besides, the 
comparison of the data point distance and distribution between the three groups of data shows that the heavier the fluid components 
are, the greater the shifts appear. 

Since the critical property parameters of components need to be used in the calculations of the VLE, the critical properties shift of 
confined fluids will inevitably affect the phase envelope of fluids. As shown in Fig. 7, the bubble point envelopes of confined fluids 
(5–100 nm) all plot different from the bulk fluids (INF). It shows that the smaller the pore radius is, the smaller the bubble point 
pressure is. At reservoir temperature, the relative reduction between the bubble point pressure for rp equal 100 nm, 50 nm and 5 nm 
and the bubble point pressure for rp equal INF is 0.7%, 2.1% and 14.1%, respectively. It indicates that the shift of critical properties in 
pores larger than 50 nm is slight that can be ignored in most circumstances. The shift of bubble point pressure is also related to 
temperature. Although the increasing trends of the bubble point pressure for rp ranging from 5 to 100 nm are similar with temperature 
alters, the divergence between them increased obviously, especially for the curves represent smaller rp. In summary, at high the 
temperature is, the more the bubble pressure reduces. At low temperature, the shift of critical properties has little effect on phase 
behavior. 

4.1.2. Vapor/liquid-phase equilibrium calculation considering capillary pressure 
Fig. 8 shows the bubble point envelopes of XP-2 shale oil confined fluids at different pore radius. The bubble point pressure of 

nanofluids with different pore sizes increases with increasing temperature in the temperature ranging from 273.15 to 453.15K, but the 
increasing rate is gradually decreasing. Moreover, the pore radius will affect the bubble point pressure. The smaller the pore radius, the 
greater the capillary pressure, and the greater the impact on the bubble point pressure. For example, at reservoir temperature, the 
bubble point pressure in a pore with a radius of 5 nm is about 5.8 MPa, which is 58.3% smaller than that of 13.9 MPa in a pore with a 
radius of 100 nm. In addition, high temperature suppresses the effect of pore radius on bubble point pressure. At 423.15 K above the 
reservoir temperature, the difference value between the bubble pressure in the pore with a radius of 5 nm and 100 nm decreases from 
8.1 MPa to 2 MPa. The reason for this trend is that at critical point, the density of the liquid phase and gas phase are the same, thus IFT 
is 0, and the capillary pressure disappears. Therefore, when the temperature and pressure is close to the critical point, the capillary 
pressure effect on the phase behavior of the confined fluids becomes subtle. Also note that the phase equilibrium calculation of 
confined fluids in small pore radius (less than 5 nm) is challenging at low bubble point pressure. When the pore radius is less than 5 nm, 

Fig. 5. Dimensionless critical pressure shift and the critical temperature shift of pure component vs. pore radius.  
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the capillary pressure is extremely large, even higher than the bubble point pressure. In this case, whether the influence of capillary 
pressure on the confined fluids phase behavior is correct is worth considering. 

4.1.3. Combined critical-properties shift and capillary pressure effect 
Fig. 9 shows the envelope line of XP-2 shale oil bubble point obtained on the basis of different factors under the condition of pore 

Fig. 6. Critical-temperature and –pressure of pure component vs. pore radius.  

Fig. 7. Bubble point pressure of XP-2 shale oil considering critical properties shift effects at different pore radius.  

Fig. 8. Bubble point pressure of XP-2 shale oil considering capillary pressure effects at different pore radius.  
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radius of 10 nm: (a) the dotted line in the figure represents unrestricted fluids, i.e. bulk-phase behavior; (b) the solid yellow line in the 
figure represents the case influenced only by the critical properties shift; (c) the solid blue line in the figure represents the case affected 
only by capillary pressure; (d) the solid red line in the figure represents the case affected by the shift of combined fluids critical 
properties and capillary pressure. 

Compared to (a), (b) in the higher temperature region, the bubble point pressure is obviously lower, while in the lower temperature 
region, it is close to the values of case (a). While the capillary pressure results in obvious lower bubble point pressure at lower T region, 
whereas close to case (a) at higher T region. Thus, the coupling effects of critical properties shift (c) and capillary pressure (d) gives 
lower bubble point pressure values than that from the respective effect when the temperature exceeds 300 K. When the reservoir 
temperature is below 300 K, the bubble point pressure only affected by capillary pressure are the lowest among all the cases in Fig. 9. In 
other words, the shift of critical properties at low temperature region will inhibit the influence of capillary pressure. At 383.5 K, the 
critical properties shift (c) and capillary pressure (d) cause the same decrease to the bubble point pressure of the confined fluids (only 
take XP-2 shale oil as an example). 

4.2. Reservoir simulation 

In this section, the fluids saturation, cumulative oil production, cumulative gas production, production gas-oil ratio, and 
composition changes for the four cases are analyzed and compared in detail, respectively. The original state of reservoir fluids is single- 
phase oil with an initial oil saturation of 0.65 and gas saturation of 0. 

4.2.1. The influence of confined effect on fluid saturation 
The four-color curves in Fig. 10(a) show the change of oil/gas saturation with time in a single grid of the four cases. A top view of 

the reservoir model is shown in Fig. 2 to show the location of the target grid. The production is divided into two stages: depletion 
production (0–1600days) and CO2 immiscible flooding (1600–2800 days). In depletion production stage, with the progress of pro-
duction, the oil saturation of the four cases gradually decreased, with PC case having the highest oil saturation and CPS case having the 
lowest oil saturation. The 3D view of oil saturation fields after 40 days and 870 days in Fig. 11 can also be seen this trend. In addition, as 
shown in Fig. 10 (b), the oil saturation variation of PC case, CPS case and CPS&PC case were compared with that of Base case. It is 
shown that the oil saturation of PC case and CPS&PC case is 5.08% and 3.37% higher than that of Base case, respectively, while the oil 
saturation of the CPS case reservoir grid is 1.12% lower than Base case. After the process of CO2 injection, oil saturation firstly in-
creases and then decreases, which is because CO2 injection plays a role of enhancing oil-displacement efficiency first. The inflection 
point appeared in the oil saturation curve at 1750 days, which was induced by CO2 breakthrough. It can be seen from Fig. 11 that the 
oil saturation first decreases near the gas injection well, then CO2 diffuses to the fractures, and finally the residual oil saturation 
remains relatively high only in the four corners of the reservoir. Comparing the oil saturation field after 2830 days, the residual oil 
saturation of Base case and CPS case is higher than that of PC case and CPS&PC case. 

For gas saturation, the trend of the reservoir grid is reverse to that of the oil saturation. PC and CPS&PC cases show lower gas 
saturation than Base cases. As for the influence of the confined effect on the initial fluids phase behavior, the bubble point pressure in 
the Base case is the highest (Fig. 9), that is to say, the fluid in Base case is the easiest to degassing. However, the gas saturation in the 
CPS case was consistently higher than that in the Base case. This is inconsistent with the trend of bubble pressure shown in Fig. 8. This 
indicates that the saturation change of the reservoir is not only controlled by the phase behavior, but more complicated, which may 
also be related to the influence of the confined effect on the composition of components. In Fig. 9, the influence of the four cases on the 
initial fluids phase behavior of the same component is only calculated without considering that the component composition will 
change with production. It will be discussed later. As shown in Fig. 10 (c), in depletion production stage, the gas saturation variation of 
PC case, CPS case and CPS&PC case were compared with that of Base case, showing that the gas saturation of PC case and CPS&PC case 

Fig. 9. Bubble point pressure of XP-2 shale oil with considering different effects and without at pore radius of 10 nm.  
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is 20.63% and 14.63% lower than that of Base case, respectively, while the gas saturation of the CPS case reservoir grid is 3.56% higher 
than Base case. After the process of CO2 injection, gas saturation increases. Finally, due to the breakthrough of CO2, the gas saturation 
of the four cases is close. 

Fig. 10. (a) Oil/gas saturation of the reservoir grid; (b) Oil saturation variation of the reservoir grid; (c) Gas saturation variation of the reser-
voir grid. 

Fig. 11. Three-dimensional view of oil saturation fields for the four cases.  
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4.2.2. The influence of confined effect on cumulative oil/gas production 
As shown in Fig. 12 (a), the cumulative oil production of the PC case, CPS case and CPS&PC case are higher than the Base case. The 

highest cumulative oil production is obtained in the CPS&PC case, which are 23.5% higher than the Base cases. In addition, during the 
early stage of CO2 flooding process (<690 days), the cumulative oil production of CPS case was higher than Base case, while CPS effect 
is unfavorable to oil production in the later stage of CO2 flooding. Compared with PC case and CPS case, it can be found that the 
capillary pressure effect had a positive effect on the oil increment (28.5%), while the critical properties shift effect produced an oil 
reduction (− 4.1%). 

Moreover, the gas production from the PC case and CPS&PC case are less than the Base case (Fig. 12 (b)), however, the critical 
properties shift effect causes higher gas production. CPS&PC case results show that the reduction effect of capillary pressure on 
accumulated gas is stronger than the increase of gas production caused by properties shift. In the CO2 injection stage, PC case shows 
the highest cumulative oil increase. At the end of CO2 gas injection flooding, the accumulated gas of the CPS case increased and 
accumulated oil decreased. 

Fig. 13 shows the variation of production GOR with production time. The whole production is divided into two stages: depletion 
production and CO2 immiscible flooding. In the depletion production stage, the GOR of CPS case was much higher than that of the Base 
case, PC case and CPS&PC case. After CO2 injection, GOR of the four cases first decreased due to produces displacement and then 
increased rapidly after the breakthrough. In terms of the two stages of production, the effect of capillary pressure on GOR is more 
significant in depletion production stage, while in CO2 flooding stage, once CO2 breaks through, it is mainly affected by critical 
properties shift. 

Among the four cases above, only the PC case and CPS&PC case require iterative calculation of the capillary pressure in the VLE. As 
shown in Fig. 14, the capillary pressure in the PC case is greater than that in CPS&PC case. Critical properties shift suppresses capillary 
pressure of oil and gas phases. In 10 nm pore, the capillary pressure is about 1.5 MPa when bubbles first time appear in reservoir. The 
capillary pressure gradually increased to 3.5 MPa during depletion production, which is related to the component changes during the 
production process, which will be discussed later. After CO2 injection, the capillary pressure decreases rapidly. Due to the low for-
mation pressure of the reservoir, CO2 miscibility was not considered in the simulation process. The large amount of CO2 gas reduces 
the capillary pressure of oil and gas phases. 

As shown in Fig. 15 (a)-(f), in order to estimate the effect of pore radius on production result, the cumulative oil/gas production of 
PC case, CPS case and CPS&PC case is compared at pore radius of 10 nm, 20 nm, 50 nm, 100 nm and infinity. The simulation results 
show that the cumulative oil production increases and the cumulative gas production decreases for the PC and CPS&PC instances as the 
pore radius decreases, while the cumulative oil production and the cumulative gas production decrease slightly for the CPS instance as 
the pore radius decreases. In both CPS and PC cases, the decreasing pore radius has a more significant effect on the cumulative hy-
drocarbon production. Compared with the 100 nm pore radius model, the cumulative oil production of the 10 nm pore radius model is 
about 8.9% higher, and the cumulative gas production is about 40% lower. The effect of confined effect on cumulative oil and gas 
production was negligible when the pore radius was extended to more than 50 nm. In addition, it can be seen from the comparison that 
capillary pressure is the dominant factor affecting the cumulative oil and gas production, and the effect of critical properties shift is less 
effective than capillary pressure. 

4.2.3. The influence of confined effect on component composition 
Fig. 16 (a)-(d) illustrates the change of the composition of the residual oil of reservoirs in the four cases with the production time. 

During the depletion production stage, the component contents of the CH4 decrease in all four cases, while the contents of the other 
components increase. The percentage content of the heavier components (C5–C36) increases more and more, which is similar to the 
results of our previous study [38]. After 1600 days, the content of the hydrocarbon components decreased rapidly due to the injection 

Fig. 12. Comparison of cumulative production with pore radius of 10 nm in the four models: (a) cumulative oil production; (b) cumulative 
gas production. 
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of CO2. 
The residual oil component composition at the end of depletion production (Date 1600 days) is shown in Fig. 17. The residual oil 

composition of PC case and CPS&PC case were compared with Base case, and the results showed that the lighter components (CH4- 
NC4) of residual oil of PC and CPS&PC cases were 14.4% and 12.5% more than Base case, and the heavier components (C5–C36) were 
14.7% and 12.7% less than Base case, respectively. The simulation results of CPS case are comparable to that of Base case, but the 
effects on light and heavy components are opposite to those of PC case and CPS&PC case. The lighter components (CH4-NC4) of 
residual oil of CPS cases were 1.3% less than base case, and the heavier components (C5–C36) were 1.4% more than base case. 

As shown in Fig. 18 (a)-(d), crude oil is rapidly degassed at the initial time of depletion production. The composition of the residual 
gas is dominated by light components (CH4-NC4). With the depletion production going on, the CH4 content decreased, while the 
contents of other components increase in all four cases. Compared to the Base case, the reduction of CH4 in the residual gas 
composition is less in the PC and CPS&PC case, and the reduction of CH4 in the residual gas is greater in the CPS case. After 1600 days’ 
production, the content of the hydrocarbon components decreased rapidly due to the injection of CO2. At the end of CO2 flooding, the 
CO2 content in the gas phase is close to 100%, which is caused by the breakthrough of CO2. 

Fig. 19 illustrates the composition of the residual gas composition at the end of depletion production (the 1600th day). Under the 
initial conditions of the reservoir, the fluid is only oil and water, and the initial gas saturation is 0. The residual gas composition of PC 
and CPS&PC case were compared with Base case, and the results showed that CH4 of residual gas of PC case and CPS&PC cases were 
8.7% and 5.6% higher than Base case, and C2-NC4 were 7.8% and 5.5% lower than Base case, respectively. The CH4 of residual gas of 
CPS cases were 2.9% lower than Base case, and the C2-NC4 were 1.9% higher than Base case. 

From our perspective, the concept of the mechanism for fluid phase behavior in the dual pore structure of tight reservoir is shown in 
Fig. 20. There are bulk spaces (fractures) and nano spaces (nanopores) in tight hydraulic fracturing systems. Instead of considering the 
critical properties shift effect and capillary force effect in fractures（Base case）, the critical properties shift effect (CPS case) or 
capillary force effect (PC case) or the coupling of the two effects (CPS&PC case) are considered in nanopores. At reservoir temperature, 
as the formation pressure decreases with production (Step 1), the crude oil in the fractures begins to be degassed, but the bubble point 
pressure in the nanopore is lower than the pressure in the fracture and oil has not yet degassed due to the influence of critical properties 

Fig. 13. Comparison of GOR with pore radius of 10 nm.  

Fig. 14. Comparison of capillary pressure between PC case and CPS&PC case.  
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shift and capillary pressure effect on fluid phase behavior. After the formation pressure continues to drop (Step 2), the CPS case in the 
nanopore that considers only the critical properties starts to degas. After the formation pressure is reduced lower (Step 3), the cases 
considering only the capillary pressure and coupling effects degasses due to the effect of capillary pressure on fluid phase behavior. 
Furthermore, in nanopores, the critical properties shift effect will lead to more light components from the oil phase transferred to the 
vapor phase and produce more gas. The residual oil of PC case and CPS&PC case have more light components and less heavy com-
ponents than CPS case, which is consistent with the lower oil saturation of the reservoir grids and the higher cumulative gas production 
shown in Fig. 10(a). This indicates that capillary pressure displays a more positive effect on oil production, resulting in an increase in 
light components in the residual oil phase, which means more oil can be recovered. Moreover, the capillary pressure effect exhibits a 
more significant influence on the production compared to the critical shift effect. 

This work presented a theoretical result that represents the complex pore system in real reservoirs with homogeneous pore size, 
ignoring the geological properties. Subsequently, the complexity of reservoir pores will be involved into simulation of real reservoir 
rocks, which certainly would be a challenge to perform and interpret phase behavior with the consideration of critical pressure and 
property shift effects. 

5. Conclusions 

The shift of confined fluid phase behavior in nanopores have been long recognized and widely accepted by the academic 

Fig. 15. Comparison of cumulative oil/gas production of PC case, CPS case and CPS&PC case under different pore radius: (a)cumulative oil pro-
duction of PC case; (b)cumulative gas production of PC case; (c) cumulative oil production of CPS case; (d)cumulative gas production of CPS case; 
(e)cumulative oil production of PC& CPS case; (f)cumulative gas production of PC& CPS case. 
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community, however, at the current stage, current simulators are unable to fully explore this phenomenon. In this work, a novel fully 
compositional numerical simulation algorithm considering effect of critical properties shift and capillary pressure on phase behavior is 
accomplished. Based on the fully compositional numerical simulation, we have discussed the alterations of critical properties shift 
effect, capillary pressure effect and coupling effect on the composition of oil and gas production in detail. The critical properties shift 
and capillary pressure effects on oil and gas production in tight reservoirs are analyzed quantitatively through four cases, and the 
influences of the two effects in oil/gas production are compared. The main conclusions of this work are as follows:  

● The novel fully compositional simulator results that consider coupling effects are more favourable to oil production than common 
simulator results, with a 23.5% difference in the cumulative oil production between the two results. Further, the simulation results 
considering the coupling effect have a lower production gasoline ratio. It is more suitable for simulating the production devel-
opment of tight reservoirs.  

● The capillary pressure effect is more important and dominate in terms of reservoir saturation and cumulative production in 
comparison with the critical properties shift effect. Through the quantitative comparison with Base case, the differences of oil/gas 
production between the two cases considered capillary pressure effect and Base case are much larger than that between the critical 
properties shift effect and Base case. 

Fig. 16. (a) Residual oil composition in Base case with pore radius of 10 nm; (b) Residual oil composition in PC case with pore radius of 10 nm; (c) 
Residual oil composition in CPS case with pore radius of 10 nm; (d) Residual oil composition in CPS&PC case with pore radius of 10 nm. 

Fig. 17. Comparison of composition of residual oil in reservoir after 1600 days of production with pore radius of 10 nm.  
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● Confined effect has a significant impact on oil and gas production in pores narrower than 50 nm. The decrease of pore radius has a 
significant effect on the cumulative hydrocarbon production, and compared with critical properties, the capillary pressure is more 
sensitive to pore size.  

● As oil and gas production proceeds, the composition of the fluid in the reservoir is constantly changing. In nanopores, the critical 
properties shift effect will lead to more light components transferred from the oil phase to the vapor phase and thus produce more 
gas. However, capillary pressure effect leads to a reduction in light components and an increase in heavy components in the re-
sidual oil/gas. 

Author contribution statement 

Yuhua Ma: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Wrote the 
paper. 

Zhihong Kang; Xiaodong Chen; Congbo Gou; Zhijiang Kang: Contributed reagents, materials, analysis tools or data. 
Xin Lei: Conceived and designed the experiments; Wrote the paper. 

Fig. 18. (a) Residual gas composition in Base case with pore radius of 10 nm; (b) Residual gas composition in PC case with pore radius of 10 nm; (c) 
Residual gas composition in CPS case with pore radius of 10 nm; (d) Residual gas composition in CPS&PC case with pore radius of 10 nm. 

Fig. 19. Comparison of composition of residual gas in reservoir after 1600 days of production with pore radius of 10 nm.  

Y. Ma et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e15675

18

Shuoliang Wang: Conceived and designed the experiments; Analyzed and interpreted the data. 

Data availability statement 

Data included in article/supp. material/referenced in article. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgement 

This work was supported by the Joint Fund for Enterprise Innovation and Development of NSFC (Grant No. U19B6003). 

Nomenclature 

a parameter of PR-EOS 
b parameter of PR-EOS 
d pore diameter 
fl fugacity of component i in the liquid phase 
fv fugacity of component i in the vapor phase 

Fig. 20. Conceptual mechanism for fluid phase behavior in the dual pore structure of tight reservoir. The red Molecular Model represents the lighter 
components and the blue Molecular Model represents the heavier components. The red line represents the lighter components transferred from the 
oil phase to the vapor phase, and the blue line represents the heavier components transferred from the oil phase to the vapor phase. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Krg relative permeability of gas phase 
Krl relative permeability of liquid phase 
Kro relative permeability of oil phase 
Krw relative permeability of water 
Pc critical pressure of confined fluids(atm) 
Pcap capillary pressure 
Pcb critical pressure of bulk fluids 
Pl liquid pressure 
Pv vapor pressure 
R gas constant 
rp pore radius 
Sl liquid saturation 
Sw water saturation 
T reservoir temperature 
Tc critical temperature of confined fluids 
Tcb critical temperature of bulk fluids 
V molar volume 
w acentric factor of component i 
xi mole fraction of component i in the vapor phase 
yi mole fraction of component i in the liquid phase 
ZL compressibility factor for liquid phase 
ZV compressibility factor for vapor phase 
σ interfacial tension between vapor and liquid phase 
θ contact angle 
ωi acentric factor 
δij the binary interaction coefficient of components i and j 
Pi parachor of liquid/vapor phases 
ρL/V molar density of bulk liquid/vapor phases 
∅i

L fugacity coefficient of liquid phases for a mixture 
∅i

V fugacity coefficient of vapor phases for a mixture 
f fugacity 
Δ Tc shift of the critical temperature 
Δ Pc shift of the critical pressure 
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