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 ABSTRACT  

Oil production from tight/shale reservoirs has drawn an increasing attention over the past 

decades. One of the essential mechanisms affecting the oil/gas production is the phase 

behavior of the reservoir fluids in the confined nanopores inside the tight/shale reservoirs. 

Many theoretical works couple the conventional multiphase flash calculation procedure with 

capillary pressure to study the phase equilibrium of reservoir fluids in nanopores. However, 

the most widely used Peng-Robinson equation of state (PR-EOS) (Peng and Robinson, 1976), 

which is applied in the conventional multiphase flash calculations, does not provide an 

accurate prediction on liquid-phase density. This inherent flaw of PR-EOS weakens the 

reliability of the calculation algorithm developed to study the phase equilibrium in nanopores 

because the incorrect phase density prediction leads to incorrect vapor-liquid interfacial 

tension predictions. Capillary pressure, which relies on vapor-liquid interfacial tension, is 

thereby calculated with poor accuracy. This work aims to address this issue by developing a 

new two-phase equilibrium calculation algorithm that couples capillarity effect and volume 

translation in the conventional multiphase flash calculation. In this work, PR-EOS together 

with the volume translation method proposed by Abudour et al. (2012) is applied to more 

accurately predict liquid-phase density. Vapor-liquid interfacial tension is calculated using 

the Weinaug-Katz model (Weinaug and Katz, 1943). The Young-Laplace equation (Young, 

1805) is used to calculate capillary pressure with assumptions of zero contact angle and equal 

principle radii. Phase behavior of two mixtures in confined nanopores is studied to examine 

the accuracy and robustness of the two-phase flash algorithm developed in this work. For 

each mixture, two-phase envelope is calculated using the algorithm developed in this work 
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and the calculated results are then compared with experimental data collected from the 

literature. It is observed that, at a fixed temperature, the bubble point and dew point pressures 

of the two mixtures in nanopores are reduced due to capillary pressure compared to those 

under bulk condition. After the phase densities are corrected by the volume translation 

method, the bubble point and dew point pressures are reduced to a larger extent at a fixed 

temperature. Compared to the two-phase flash algorithm without the use of volume 

translation, the two-phase flash algorithm with the use of volume translation gives a better 

match to the measured dew point pressures.  
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CHAPTER 1 INTRODUCTION 

 

1.1. Research Background 

A precise description of the reservoir fluids phase behavior is of prime consideration for 

reservoir simulations in the oil and gas industry. Multiphase flash calculations are normally 

employed to provide information on phase equilibrium of reservoir fluids. The most 

commonly used tool in the multiphase flash calculations is cubic equation of state (CEOS). A 

CEOS, such as the PR-EOS (Peng and Robinson, 1976), describes the volumetric behavior of 

the reservoir fluid system by requiring only the critical properties and acentric factor of each 

component. Although CEOSs were initially developed for pure components, they can be used 

to multicomponent systems when a certain mixing rule is utilized. Conventional multiphase 

flash calculations can output mole fractions and compositions of the equilibrium phases at a 

given temperature, pressure, and overall composition. 

In tight/shale reservoirs, however, the conventional multiphase flash calculation is no longer 

valid. The nanopores found in tight/shale reservoirs introduce large capillary pressure, which 

significantly alters the phase equilibrium of reservoir fluids. The existence of capillary 

pressure in nanopores causes an imbalance between vapor-phase pressure and liquid-phase 

pressure. In this case, reservoir fluids show phase behavior different from what is predicted 

by classic thermodynamics. Numerous attempts have been made to theoretically investigate 

the effect of capillary pressure on the multiphase equilibrium of reservoir fluids in confined 

nanopores. One of the most straightforward methods is using the EOS based model. This 
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method considers the pressure difference between the adjacent phases by solving for the 

phase mole fractions, compositions and capillary pressures simultaneously. The resulted fluid 

phase equilibrium yielded by this method is different from that under bulk condition and are 

more representative in describing the phase behavior of the reservoir fluids in confined 

nanopores. 

Multiphase flash calculation coupled with capillary pressure relies on phase densities 

calculated from CEOS. However, liquid-phase density is often less accurately predicted by 

the CEOS. Since the genesis work of Martin (1979), many volume translation (VT) methods 

have been proposed to improve the accuracy of density prediction by CEOS. The methods 

developed afterward ranged from simple constant correction terms (Peneloux et al., 1982) to 

more complex temperature or density dependent models (Watson et al. 1986; Chou and 

Prausnitz, 1989; Magoulas and Tassios, 1990; Tsai and Chen, 1998; Ahlers and Gmehling, 

2001; Lin and Duan, 2005; Baled et al., 2012; Abudour et al., 2012; Abudour, et al., 2013; 

Shi et al., 2018). One important aspect of a consistent volume translation method is that the 

application of this method leaves the predicted equilibrium conditions unchanged (Peneloux 

et al., 1982). Furthermore, all volume translation methods were initially developed for pure 

components. A few were later extended to be applicable to multicomponent systems (Tsai and 

Chen, 1998; Lin and Duan, 2005; Abudour et al., 2013).  
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1.2. Literature Review 

1.2.1. Review on CEOS 

1.2.1.1. van der Waals EOS 

The famous van der Waals equation of state is shown in Eq. (1) (van der Waals, 1873). 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−
𝑎

𝑣2
     (1) 

where P is the system pressure, T is the system temperature, R is the universal gas constant, v 

is the molar volume, a and b are the parameters representing the attractive intermolecular 

force and the repulsive intermolecular force, respectively. The expressions of the EOS 

parameters a and b can be found in Eq. (2). 

{
 
 

 
 𝑎 =

27

64

𝑅2𝑇𝑐
2

𝑃𝑐

𝑏 =
1

8

𝑅𝑇𝑐
𝑃𝑐

    (2) 

where Pc is the critical pressure and Tc is the critical temperature. The van der Waals equation 

of state laid the very foundation for the various more sophisticated EOSs developed later. 

1.2.1.2. Redlich-Kwong EOS (RK-EOS) 

RK-EOS was developed in 1949 (Redlich and Kwong, 1949) based on the van der Waals 

equation of state. The expression of the RK-EOS is found in Eq. (3). 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎

𝑇𝑟
0.5𝑣(𝑣 + 𝑏)

     (3) 

where Tr is the reduced temperature. The EOS parameters a and b in the RK-EOS are shown 

in Eq. (4). 
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{
 
 

 
 𝑎 = 0.42747

𝑅2𝑇𝑐
2

𝑃𝑐

𝑏 = 0.08664
𝑅𝑇𝑐
𝑃𝑐

     (4) 

RK-EOS replaced the term v2 in the van der Waals equation of state with v(v+b), resulting in 

improved phase behavior predictions.  

1.2.1.3. Soave-Redlich-Kwong EOS (SRK-EOS) 

SRK-EOS (Soave, 1972) follows the basic formula of RK-EOS with the addition of a 

component-dependent correction term 𝛼 , which is the so-called alpha function. The 

expression of SRK-EOS is given in Eq. (5). 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎𝛼(𝑇𝑟)

𝑣(𝑣 + 𝑏)
     (5) 

where the alpha function is a function of reduced temperature and is given as 𝛼(𝑇𝑟) =

[1 + 𝑚(1 − 𝑇𝑟
0.5)]2, and 𝑚 = 0.48 + 1.574𝜔 − 0.176𝜔2 (𝜔 is the acentric factor). 

1.2.1.4. Peng-Robinson EOS (PR-EOS) 

PR-EOS is currently one of the most widely used EOSs (Peng and Robinson, 1976). PR-EOS 

is given by Eq. (6). 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎𝛼(𝑇𝑟)

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
     (6) 

Later, Robinson and Peng (1980) modified the m function within the alpha function as 

follows. 

{
𝑚 = 0.37464 + 1.5422𝜔 − 0.26992𝜔2, 𝜔 ≤ 0.49

𝑚 = 0.3796 + 1.485𝜔 − 0.1644𝜔2 + 0.01667𝜔3, 𝜔 > 0.49
(7) 
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In general, PR-EOS gives a better density prediction than SRK-EOS. Another improvement 

of PR-EOS over the previous EOSs is that the PR-EOS offers a critical compressibility of 

0.307 (Peng and Robinson, 1976), which is closer to experimental data for heavier 

hydrocarbons compared to the critical compressibility yielded by the previous EOS (Lopez-

Echeverry et al., 2017). 

1.2.2. Review on Volume Translation Methods 

The concept of volume translation was originally proposed by Martin (1967) in an effort to 

mitigate the difference between his generalized EOS and the previous ones. Later in 1982, 

Peneloux et al. (1982) applied a simple constant volume correction term to improve the 

density prediction by SRK-EOS. The authors also mathematically proved that the constant 

volume translation does not affect the equilibrium prediction for pure components and 

multicomponent systems calculated by SRK-EOS. However, due to the simplicity of the 

constant volume correction term, this method performs weakly in correcting the density 

prediction near the critical point. 

Temperature-dependent volume correction functions were developed as a more complex form 

of volume translation methods to improve the capability of CEOS in predicting phase 

densities near the critical point. Watson et al. (1986) proposed a temperature-dependent 

volume translation method specifically for van der Waals EOS. Later, Mathias et al. (1989) 

proposed a dimensionless distance function that is related to the inverse of the isothermal 

compressibility. This dimensionless distance function effectively improves the phase 

densities prediction near the critical region. At almost the same time, this dimensionless 
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distance function was also used by Chou and Prausnitz (1989) to introduce a 

phenomenological correction to SRK EOS. Magoulas and Tassios (1990) developed a volume 

translation method with a modified alpha function. They suggested that the method they 

proposed should only be applied to correct the phase density prediction for normal alkanes up 

to n-C20. Ungerer et al. (1997) correlated the volume translation parameters in PR-EOS as a 

function of component molecular weight. This technique was also applied later by De 

Sant’Ana et al. (1999). In 1998, two additional volume translation parameters were 

introduced by Tsai and Chen (1998) to improve the saturated density prediction of PR-EOS. 

Pederson et al. (2004) developed a volume translation method that can be used for density 

prediction for paraffins that contain a noticeable amount of C81+. More recently, Baled et al. 

(2012) developed a linear temperature-dependent volume translation method to improve the 

accuracy of density prediction for pure components at high-temperature and high-pressure 

conditions. Also in 2012, Abudour et al. (2012) developed a volume translation method based 

on the dimensionless distance function that can be used to improve the density prediction in 

both the single-phase region and the saturated region. Later in 2013, this method was 

extended to enable it applicable to multicomponent systems (Abudour et al., 2013). A 

comparative study by Young et al. (2017) suggests that the volume translated PR-EOS 

developed by Abudour et al. (2012 and 2013) gives the most accurate saturated-liquid density 

prediction among the popular volume translation methods examined. In view of its good 

accuracy, the volume translation method proposed by Abudour et al. (2013) is selected to be 

used in this study. 
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1.2.3. Phase Behavior in a Confined Space 

Study on reservoir fluids phase equilibrium in confined nanopores with the consideration of 

capillary pressure was first carried out by Brusllovsky (1992). A new equation of state was 

introduced in this work to reflect the effect of capillary pressure on the calculations of 

thermodynamic properties of pure components and multicomponent systems. Calculation 

results show that, at a given temperature, dew point pressure increases from the bulk one, and 

bubble point pressure decreases from the bulk one due to capillary pressure (Brusllovsky 

1992). Multiple pieces of research works were conducted on the same subject afterword, but  

reported that dew point pressure decreases due to capillary pressure (Al-Rub and Datta, 1999; 

Hamada et al., 2007; Qi et al., 2007; Wang et al., 2013; Sandoval et al., 2016; Zhang et al., 

2017; Li et al., 2018). The finding of a dew point pressure reduction due to capillary pressure 

was also later proved experimentally by Qiu et al. (2018) and Zhong et al. (2018). They 

measured the dew point of the methane-ethane (C1-C2) mixture and the methane-propane (C1-

C3) mixture at different temperatures and pore radii. They all observed a significant reduction 

of the dew point pressure due to large capillary pressure present in a confined space. Nojabaei 

et al. (2013) analyzed the entire two-phase envelope under the effect of large capillary 

pressure. They concluded that dew point pressure decreases at pressures below the 

cricondentherm point and increases at pressures above the cricondentherm point. They also 

stated that capillary pressure becomes zero at the critical point due to the vanishing of the 

vapor-liquid interfacial tension (IFT). Therefore, a two-phase equilibrium does not deviate 

from the bulk condition at the critical point (Nojabaei et al. 2013). More recently, Rezaveisi 

et al., (2018) proposed a strategy to determine the maximum capillary pressure in a two-
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phase system at given temperature and pressure. The maximum capillary pressure of a two-

phase system is defined as the capillary pressure above which a two-phase equilibrium 

becomes impossible. They suggested that this capillary equilibrium limit calculation can be 

applied to the compositional reservoir simulator to improve computational efficiency of 

reservoir simulations (Rezaveisi et al., 2018).  

 

1.3. Problem Statement 

In most of the theoretical works that study multiphase equilibrium in confined nanopores, 

vapor-liquid IFT is generally calculated using the Parachor model (Weinaug and Katz, 1943), 

which requires an input of phase densities. However, the liquid-phase density predicted 

directly by PR-EOS is inaccurate. This leads to incorrect IFT calculation, which in turn 

results in errorneously predicted multiphase equilibrium in confined nanopores. 

 

1.4. Research Objectives 

• To apply the volume translation method (Abudour et al., 2013) in PR-EOS to obtain a 

more accurate density prediction that can be used for more accurate IFT calculations. 

• To conduct vapor-liquid IFT calculations using the phase density corrected by volume 

translation method, and to validate the IFT calculation results with the experimental 

data collected from literature. 

• To develop a new two-phase flash calculation algorithm coupled with volume 

translation (Abudour et al., 2013) and capillarity effect in a confined space. 
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1.5. Thesis Structure 

This thesis contains four chapters: 

• Chapter 1 introduces the overall scope of this thesis. Research background, literature 

review, problem statement, research objectives, and thesis structure are presented in 

this chapter.   

• Chapter 2 introduces the volume translation method proposed by Abudour et al 

(2013) for multicomponent systems. This method is employed in the IFT calculation 

for the C1-C3 mixture and the calculation results are validated by experimental data. 

The volume translation method is then coupled with the two-phase equilibrium 

calculation that considers the capillarity effect, and calculation procedure of the 

proposed two-phase equilibrium calculation algorithm is also presented. 

• Chapter 3 conducts two-phase equilibrium calculations using the proposed algorithm 

for two binary hydrocarbon mixtures C1-C2 and C1-C3 in confined nanopores. The 

volume translation method proposed by Abudour et al. (2013) is applied during the 

calculation. The calculated results are then compared with experimental data collected 

from literature. Major findings are discussed in this chapter. 

• Chapter 4 presents conclusions of this study and recommendations for future work in 

this area. 
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CHAPTER 2 VOLUME TRANSLATION METHOD AND NUMERICAL 

ALGORITHM OF TWO-PHASE EQUILIBRIUM CALCULATION IN 

CONFINED NANOPORES 

 

2.1. Volume Translation Method 

The constant volume translation method is given by Eq. (8) (Peneloux et al., 1982). 

𝑉𝑐𝑜𝑟𝑟 = 𝑉𝑃𝑅 + 𝐶     (8) 

where Vcorr is the corrected molar volume, VPR is the original molar volume calculated by the 

PR-EOS, and C is the volume translation term. This method was originally proposed to be 

applied for pure substances and can be extended to mixtures by using a given mixing rule. 

Abudour et al. (2013) extended the volume translation method developed by them (Abudour 

et al., 2012) to the multicomponent mixtures. The volume translation method developed by 

Abudour et al. (2013) is given in Eq. (9). 

𝑉𝑐𝑜𝑟𝑟 = 𝑉𝑃𝑅 + 𝐶𝑚 − 𝛿𝑚 (
0.35

0.35 + 𝑑𝑚
)     (9) 

where Cm is the volume translation term from the conventional volume translation method 

but modified by Abudour et al. (2012), 𝛿𝑚 is the volume correction for mixtures, and dm is 

the dimensionless distance function. The volume translation term, the volume correction for 

mixtures, and the dimensionless distance function are three major components in this volume 

translation method (Abudour et al., 2013). They will be introduced individually in the 

following sections. 
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2.1.1. Volume Translation Developed by Abudour et al. (2013) 

𝐶𝑚 is calculated using Eq. (10) (Abudour et al. 2012). 

𝐶𝑚 =
𝑅𝑇𝑐𝑚
𝑃𝑐𝑚

[𝐶1𝑚 − (0.004 − 𝐶1𝑚)𝑒𝑥𝑝(−2𝑑𝑚)]     (10) 

where 𝑇𝑐𝑚 is the critical temperature for mixtures, 𝑃𝑐𝑚 is the critical pressure for mixtures, 

and 𝐶1𝑚 is a fluid-dependent parameter (Peneloux et al. 1982). 𝑇𝑐𝑚 can be calculated using 

the mixing rule proposed by Chueh and Prausnitz (1967) (See Eq. (11)). 

𝑇𝑐𝑚 =∑𝜃𝑖𝑇𝑐𝑖     (11) 

where 𝑇𝑐𝑖  is the critical temperature for the component i, and 𝜃𝑖  is the surface fraction of 

component i and can be calculated using Eq. (12) (Chueh and Prausnitz, 1967). 

𝜃𝑖 =
𝑥𝑖𝑉𝑐𝑖

2
3

∑𝑥𝑖𝑉𝑐𝑖

2
3

      (12) 

where 𝑉𝑐𝑖  is the critical molar volume of component i and xi is the molar fraction of 

component i in phase x.  

Pcm is calculated by Eq. (13) (Aalto et al., 1995). 

𝑃𝑐𝑚 =
(0.2905 − 0.085𝜔𝑚)𝑅𝑇𝑐𝑚

𝑉𝑐𝑚
       (13) 

where 𝜔𝑚 is mixture acentric factor. The mixing rule that is used to calculate the mixture 

acentric factor is given in Eq. (14). 

𝜔𝑚 =∑𝑥𝑖𝜔𝑖        (14) 
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where 𝑥𝑖 is the mole fraction of component i in phase x, which can be either the vapor phase 

or the liquid phase. 

The mixing rule that is applied to 𝐶1𝑚 is given in Eq. (15) (Peneloux et al., 1982). 

𝐶1𝑚 =∑𝑥𝑖𝐶1𝑖     (15) 

and 𝐶1𝑖 is calculated by Eq. (16) (Abudour et al., 2013). 

𝐶1𝑖 = 0.4266𝑍𝑒𝑥𝑝,𝑖 − 0.1101     (16) 

where 𝑍𝑒𝑥𝑝,𝑖 is the experimental critical compressibility factor for component i.  

2.1.2. Volume Correction Term for Mixtures  (𝜹𝒎) 

𝛿𝑚 is described in Eq. (17) (Abudour et al., 2013). 

𝛿𝑐𝑚 = 𝑉𝑐𝑚,𝑃𝑅(𝑥) − 𝑉𝑐𝑚(𝑥)      (17) 

where 𝑉𝑐𝑚,𝑃𝑅(𝑥) is the predicted mixture critical volume that is calculated from PR-EOS, and 

𝑉𝑐𝑚(𝑥) is the true mixture critical volume (Abudour et al., 2013).  

𝑉𝑐𝑚,𝑃𝑅(𝑥) is calculated by Eq. (18). 

𝑉𝑐𝑚,𝑃𝑅(𝑥) =
𝑅𝑇𝑐𝑚
𝑃𝑐𝑚

(𝑍𝑐,𝐸𝑂𝑆)      (18) 

where 𝑍𝑐,𝐸𝑂𝑆  is the calculated critical compressibility factor from the PR-EOS that has a 

constant value of 0.3074.  

𝑉𝑐𝑚(𝑥) is estimated by Eq. (19). 

𝑉𝑐𝑚(𝑥) =∑𝜃𝑖𝑉𝑐𝑖      (19) 
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2.1.3. Dimensionless Distance Function (dm) 

The dimensionless distance function was originally proposed by Mathias et al. (1988) for 

pure substances and is given in Eq. (20). 

𝑑 =
1

𝑅𝑇𝑐
(
𝜕𝑃𝑃𝑅
𝜕𝜌

)
𝑇

    (20) 

where R is the universal gas constant, Tc is the critical temperature and 𝜌 is the molar density 

of a mixture. The dimensionless distance function is both temperature-dependent and 

pressure-dependent. Abudour et al. (2013) further extended this dimensionless distance 

function to make it applicable to multicomponent systems. The dimensionless distance 

function for a multicomponent system is given in Eq. (21) (Mathias et al., 2014). 

𝑑𝑚 =
1

𝑅𝑇𝑐𝑚
(
𝜕𝑃𝑃𝑅
𝜕𝜌𝑚

)
𝑇

− (
1

𝑅𝑇𝑐𝑚𝜌2
)
𝑎𝑣1
2

𝑎11
       (21) 

where 𝜌𝑚  is the molar density of a mixture, 𝑎𝑣1 and 𝑎11 are two molar Helmholtz energy 

variables. However, in this study, the Helmholtz energy is neglected (Mathias et al., 2014). 

 

2.2. Two-Phase Equilibrium Calculation Algorithm Considering Capillary Pressure  

The multiphase equilibrium calculation algorithm developed in this thesis work is composed 

of two iteration loops: an outer loop and an inner loop. The outer loop checks for the 

fugacity-equality condition, while the inner loop solves for the Rachford-Rice equation.  
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2.2.1. Outer Loop 

A two-phase equilibrium is reached when the chemical-potential-equality condition is 

satisfied at given temperature, pressure and mixture composition (Whitson and Brulé, 2000). 

The chemical-potential-equality condition is given in Eq. (22). 

𝜇𝑖𝑥(𝑃𝑙, 𝑇, 𝑧𝑖) = 𝜇𝑖𝑦(𝑃𝑣, 𝑇, 𝑧𝑖)       𝑖 = 1,… ,𝑁𝑐     (22) 

where 𝜇𝑖𝑥 and 𝜇𝑖𝑦 are the chemical potentials of the ith component in the liquid phase and the 

vapor phase, respectively, 𝑃𝑙 is the liquid-phase pressure, 𝑃𝑣 is the vapor-phase pressure. Due 

to the capillarity effect in confined nanopores, the wetting phase (liquid phase) pressure will 

be smaller than the non-wetting phase (vapor phase) pressure. The chemical-potential-

equality condition can be converted to the fugacity-equality condition as per Eq. (23). 

𝑓𝑖𝑥(𝑃𝑙, 𝑇, 𝑧𝑖) = 𝑓𝑖𝑦(𝑃𝑣, 𝑇, 𝑧𝑖)    𝑖 = 1,… ,𝑁𝑐     (23) 

where 𝑓𝑖𝑥  and 𝑓𝑖𝑦  are the fugacity of the ith component in the liquid phase and the vapor 

phase, respectively. The outer loop solves for fugacity-equality condition and updates the 

phase equilibrium ratio (ki) if the fugacity-equality condition is not satisfied. To calculate the 

component fugacity 𝑓𝑖𝑥 and 𝑓𝑖𝑦, PR-EOS is applied in this algorithm (Peng and Robinson, 

1976). The formula that calculates the component fugacity is given in Eq. (24). 

𝑙𝑛
𝑓𝑖
𝑥𝑖𝑃

= 𝑙𝑛 𝜙𝑖 =
𝐵𝑖
𝐵
(𝑍 − 1) − 𝑙𝑛( 𝑍 − 𝐵) +

𝐴

2√2𝐵
(
𝐵𝑖
𝐵
−
2

𝐴
∑𝑦𝑖𝐴𝑖𝑗

𝑁𝑐

𝑖=1

) 𝑙𝑛(
𝑍 + (1 + √2𝐵)

𝑍 − (1 − √2𝐵)
) 

𝑖 = 1,… ,𝑁𝑐      (24) 



 
 

20 
 

where 𝑥𝑖  is the mole fraction of the ith component in any phase, 𝜙𝑖𝑥  is the fugacity 

coefficient, and 𝑍 is the compressibility factor. 𝐴 and 𝐵 are PR-EOS constants. Given that the 

vapor-phase pressure and the liquid-phase pressure are different due to capillary pressure, the 

fugacity of the ith component in the liquid phase and vapor phase can be calculated from Eq. 

(25) and Eq. (26), respectively (Nojabaei et al., 2013; Sun and Li, 2019). 

𝑙𝑛
𝑓𝑖𝑥
𝑥𝑖𝑃𝑙

= 𝑙𝑛𝜙𝑖𝑥 =
𝐵𝑖
𝐵
(𝑍 − 1) − 𝑙𝑛( 𝑍 − 𝐵) +

𝐴

2√2𝐵
(
𝐵𝑖
𝐵
−
2

𝐴
∑𝑥𝑖𝐴𝑖𝑗

𝑁𝑐

𝑖=1

) 𝑙𝑛(
𝑍 + (1 + √2𝐵)

𝑍 − (1 − √2𝐵)
), 

𝑖 = 1,… ,𝑁𝑐          (25) 

𝑙𝑛
𝑓𝑖𝑦

𝑦𝑖𝑃𝑣
= 𝑙𝑛𝜙𝑖𝑦 =

𝐵𝑖
𝐵
(𝑍 − 1) − 𝑙𝑛( 𝑍 − 𝐵) +

𝐴

2√2𝐵
(
𝐵𝑖
𝐵
−
2

𝐴
∑𝑦𝑖𝐴𝑖𝑗

𝑁𝑐

𝑖=1

) 𝑙𝑛(
𝑍 + (1 + √2𝐵)

𝑍 − (1 − √2𝐵)
), 

𝑖 = 1,… ,𝑁𝑐      (26) 

The vapor-phase pressure and the liquid-phase pressure can be related by Eq. (27). 

𝑃𝑐 = 𝑃𝑣 − 𝑃𝑙     (27) 

where 𝑃𝑐 is the capillary pressure of the adjacent phases. To calculate the capillary pressure, 

the Young-Laplace equation (Young, 1805) is used in this study with assumptions of equal 

principle curvature radii and zero contact angle. The Young-Laplace equation is given in Eq. 

(28) (Young, 1805). 

𝑃𝑐 =
2𝜎

𝑟𝑝
    (28) 

where 𝜎 represents the interfacial tension (IFT) between the liquid phase and the vapor phase, 

while 𝑟𝑝 is the pore radius. Parachor model (Weinaug and Katz, 1943) is employed here to 
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calculate the IFT of the two phases. The general expression of the Parachor model is given in 

Eq. (29) (Weinaug and Katz, 1943). 

𝜎 = [∑𝑃𝑐ℎ𝑖 (𝑥𝑖
𝜌𝑙
𝑀𝑙
− 𝑦𝑖

𝜌𝑔

𝑀𝑔
)]4

𝑁𝑐

𝑖=1

,   𝑖 = 1,… ,𝑁𝑐      (29) 

where 𝑃𝑐ℎ𝑖  is the Parachor constant of the ith component, 𝜌𝑙  and 𝜌𝑔  are the liquid-phase 

density and the vapor-phase density, respectively, 𝑀𝑙 and 𝑀𝑔 are the molecular weight of the 

liquid phase and the vapor phase, respectively. In the proposed two-phase equilibrium 

calculation algorithm, the liquid-phase density and the vapor-phase density are calculated 

using the volume translation method (Abudour et al., 2013) for a better prediction on phase 

densities. 

2.2.2. Inner Loop 

The inner loop solves the Rachford-Rice equation (Rachford and Rice, 1952) using the 

successive substitution method. The mole fraction of each phase (𝛽𝑥 , 𝛽𝑦 ) and the phase 

compositions (xi, yi) can be obtained upon the completion of this iteration loop. The 

Rachford-Rice equation is given in Eq. (30). 

∑(𝑦𝑖 − 𝑥𝑖) =∑(
𝑧𝑖(𝑘𝑖 − 1)

1 + 𝛽𝑦(𝑘𝑖 − 1)
)

𝑁𝑐

𝑖=1

𝑁𝑐

𝑖=1

= 0   𝑖 = 1,… ,𝑁𝑐    (30) 

where 𝛽𝑦 is the mole fraction of the vapor phase and 𝑘𝑖 is the phase equilibrium ratio which 

can be initialized by Wilson equation (Wilson 1969) shown in Eq. (31). 

𝑘𝑖 =
𝑃𝑐𝑖
𝑃
𝑒𝑥𝑝[ 5.37(1 + 𝜔𝑖)(1 −

𝑇𝑐𝑖
𝑇
)] 

𝑖 = 1,… ,𝑁𝑐     (31) 
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where 𝑃𝑐𝑖 is the critical pressure of the ith component, 𝑇𝑐𝑖 is the critical temperature of the ith 

component, 𝜔𝑖 is the acentric factor of the ith component, and 𝑇 is the system temperature.  

After the mole fraction of each phase (𝛽𝑥,𝛽𝑦) and the phase compositions (xi, yi) are obtained, 

the component fugacity (fix, fiy) is calculated and checked for the fugacity-equality equation. 

If the condition is satisfied, the iteration loop is ended and the mole fraction of each phase 

(𝛽𝑥, 𝛽𝑦) and the phase compositions (xi, yi) can be obtained. If the condition is not satisfied, 

the phase equilibrium ratio will be updated by the following equation Eq. (32) (Whitson and 

Brulé, 2000) . 

𝑘𝑖𝑦
𝑛+1 = 𝑘𝑖𝑦

𝑛
𝑓𝑖𝑦
𝑛

𝑓𝑖𝑥
𝑛     𝑖 = 1,… ,𝑁𝑐     (32) 

where n represents the current nth iteration and n+1 represents the next iteration. Then the 

Rachford-Rice equation can be solved by using this updated phase equilibrium ratio to obtain 

new 𝛽𝑥 , 𝛽𝑦  and xi, yi, until the fugacity-equality condition is satisfied. A flowchart that 

depicts the procedure of the proposed multiphase equilibrium calculation is given in Fig. 1. 
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Figure 1: Flowchart of the proposed two-phase equilibrium calculation algorithm coupled 

with capillary pressure and volume translation (Abudour et al., 2013). 
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2.3. Validation of IFT Calculations 

This section presents the IFT calculation results for the binary mixture C1-C3 under different 

temperatures and pressures using the classic Parachor model (Weinaug and Katz, 1943). The 

effect of applying the volume translation method on hydrocarbon IFT calculation is examined 

by comparing the IFT calculation results using phase densities predicted directly from the 

original PR-EOS and phase densities predicted from volume-translated PR-EOS. 

Experimental IFT data for a C1-C3 mixture are collected from the literature (Weinaug and 

Katz, 1943) to validate the calculation results. A parity plot is presented in Figure 2 to show 

the effect of applying the volume translation method on the accuracy of IFT calculations.  

 

Figure 2: Comparison of calculated vapor-liquid IFT and experimental vapor-liquid IFT for a 

C1-C3 mixture (Weinaug and Katz, 1943). 
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It is apparent that the IFTs of the mixture C1-C3 at different temperatures calculated using the 

phase densities obtained using volume translation match the experimental data with a much 

higher accuracy compared to the IFTs calculated directly from PR-EOS. It is proved then that 

application of the Abudour et al. (2013) volume translation method in PR-EOS effectively 

improves the vapor-liquid IFT prediction for hydrocarbon mixtures.  
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CHAPTER 3 RESULTS AND DISCUSSION 

 

The proposed two-phase equilibrium calculation algorithm is examined by performing the 

two-phase equilibrium calculations for two mixtures: C1-C2 and C1-C3 in a confined space. 

The feed composition of the mixture C1-C2 is 15 mol% of C1 and 85 mol% of C3. The feed 

composition of the mixture C1-C3 is 20 mol% of C1 and 80 mol% of C3. The properties of the 

components C1, C2, and C3 involved in the calculations, including critical temperature, 

critical pressure, acentric factor, critical compressibility, and critical volume, can be found in 

Table 1. 

Table 1: Properties of C1, C2, and C3 (Firoozabadi et al., 1988). 

Substances Tc, K Pc, bar ω Zc Vc, cm3 

C1 190.6 46 0.008 0.2876 99 

C2 305.4 48.84 0.098 0.2789 148 

C3 369.8 42.46 0.152 0.2763 203 

The binary interaction parameters (BIPs) used in the PR-EOS model are listed in Table 2 (C1-

C2) and Table 3 (C1-C3). 

Table 2: BIP used in PR-EOS model for the mixture C1-C2 (Oellrich et al., 1981). 

BIPs C1 C2 

C1 0 0.0027 

C2 0.0027 0 

 

Table 3: BIP used in PR-EOS model for the mixture C1-C3 (Oellrich et al., 1981). 

BIPs C1 C3 

C1 0 0.006 

C2 0.006 0 

For each mixture, the two-phase equilibrium is calculated by the two-phase equilibrium 

calculation coupled with the effect of capillary pressure and the volume translation method 
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(Abudour et al., 2013). The calculation results are compared with experimental data collected 

from the literature. Then, the entire two-phase envelope for each mixture is presented to 

illustrate the effect of volume translation on the two-phase equilibrium calculations in 

confined nanopores. Finally, a modified Young-Laplace equation (Tan and Piri, 2015) is 

applied in the algorithm to further improve the accuracy of the proposed two-phase 

equilibrium calculation algorithm. A general correlation of the tuning parameter lambda (λ) is 

developed for each mixture. The two-phase equilibrium calculation results using the modified 

Young-Laplace equation are then validated by experimental data.  

 

3.1. Effect of Volume Translation on Two-Phase Equilibrium Calculations in Confined 

Nanopores 

The effect of applying volume translation in a two-phase equilibrium calculation coupled 

with capillary pressure is studied in this section. The two-phase equilibrium in confined 

nanopores for two mixtures C1-C2 and C1-C3 are calculated using the phase densities 

predicted from the original PR-EOS and from the volume translation (VT) method (Abudour 

et al., 2013). The two-phase equilibrium calculations are conducted with three pore radii for 

the mixture C1-C2 and with two pore radii for the mixture C1-C3. The calculation results are 

then summarized and compared with experimental data (Qiu et al., 2018; Zhong et al., 2018). 

The experimental dew point pressures of the mixture C1-C2 and the mixture C1-C3 in confined 

nanopores are collected from Qiu et al. (2018) and Zhong et al. (2018), respectively. Figures 

3-5 show comparisons between calculated and measured dew points in confined nanopores 
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for the mixture C1-C2 with three pore radii. Comparisons between calculated and measured 

experimental dew points in confined nanopores for the mixture C1-C3 with two pore radii are 

illustrated in Figure 6 and Figure 7.  

 

Figure 3: Comparison of measured dew point pressures of the mixture C1-C2 in a 3.281 nm 

nanopore (Qiu et al., 2018) and calculated ones. 



 
 

30 
 

 

Figure 4: Comparison of measured dew point pressures of the mixture C1-C2 in a 2.446 nm 

nanopore (Qiu et al., 2018) and calculated ones. 

 

Figure 5: Comparison of measured dew point pressures of the mixture C1-C2 in a 1.704 nm 

nanopore (Qiu et al., 2018) and calculated ones. 
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Figure 6: Comparison of measured dew point pressures of the mixture C1-C3 in a 40 nm 

nanopore (Zhong et al., 2018) and calculated ones. 

 

Figure 7: Comparison of measured dew point pressures of the mixture C1-C3 a 4 nm 

nanopore (Zhong et al., 2018) and calculated ones. 
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In the above figures, the solid lines represent the calculated dew point pressures of the tested 

hydrocarbon mixtures under bulk condition. The dotted lines are the dew point pressures in 

confined nanopores calculated with the original PR-EOS. The dashed lines are the dew point 

pressures in confined nanopores calculated with the volume translated PR-EOS (Abudour et 

al., 2013). The circle symbols are the experimental dew point data collected from the 

literature (Qiu et al., 2018; Zhong et al., 2018). It can be seen from the figures that the dew 

point pressures for both mixtures in confined nanopore calculated with or without volume 

translation are all reduced from its bulk condition at a given temperature. This is consistent 

with the measured dew point pressures in nanopores. However, the dew point pressures 

calculated by two-phase equilibrium calculations coupled with the volume translation method 

are much closer to the experimental data compared to those calculated without employing the 

volume translation method. Application of the volume translation method effectively 

improves the liquid-phase density prediction for both hydrocarbon mixtures, which in turn 

provides more accurate IFT calculation results. As such, a more accurate capillary-pressure 

prediction ensues. Dew point pressures calculated by the two-phase equilibrium calculation 

with the adjusted capillary pressure thereby show a better match to the measured 

experimental dew point pressures. It is proved that the application of the volume translation 

method is effective in improving the accuracy of the two-phase equilibrium calculations in 

confined nanopores. After the proposed two-phase equilibrium calculation algorithm is 

validated by experimental data, the entire two-phase envelopes, including the bubble point 

boundary and the dew point boundary, are calculated with various pore radii for both 

mixtures. Figures 8-10 show the calculated two-phase envelopes of the mixture C1-C2 with 
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three different pore radii. Figure 11 and Figure 12 show the calculated two-phase envelopes 

of the mixture C1-C3 with two different pore radii.  

 

Figure 8: Two-phase envelopes of the mixture C1-C2 in a 3.281 nm nanopore calculated by 

volume translated PR-EOS (Abudour et al., 2013). 
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Figure 9: Two-phase envelopes of the mixture C1-C2 in a 2.446 nm nanopore calculated by 

volume translated PR-EOS (Abudour et al., 2013). 

 

Figure 10: Two-phase envelopes of the mixture C1-C2 in a 1.704 nm nanopore calculated by 

volume translated PR-EOS (Abudour et al., 2013). 
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Figure 11: Two-phase envelopes of the mixture C1-C3 in a 40 nm nanopore calculated by 

volume translated PR-EOS (Abudour et al., 2013). 

 

Figure 12: Two-phase envelopes of the mixture C1-C3 in a 4 nm nanopore calculated by 

volume translated PR-EOS (Abudour et al., 2013). 
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It is seen from the above figures that, for both mixtures, the calculated phase boundary in 

confined nanopores shifts from its bulk ones to higher temperatures at given pressures due to 

capillary effect. The deviation becomes more obvious with a smaller pore radius. This finding 

applies to both bubble point boundary and dew point boundary. Implementation of the 

volume translation method further shifts the phase boundary to the lower right part of the 

diagram. Given that the proposed two-phase equilibrium calculation algorithm has been 

previously validated by experimental data, it is concluded that the two-phase envelope 

calculation is more accurate when the volume translation technique is applied in the PR-EOS 

model.  

 

3.2. Application of a Modified Young-Laplace Equation in the Proposed Algorithm 

Although the application of the volume translation method greatly improves the accuracy of 

two-phase equilibrium calculations in confined nanopores, the modelling results still do not 

match very well with the experimental data. To address this issue, this work applies a 

modified Young-Laplace equation (Tan and Piri, 2015) instead of the original Young-Laplace 

equation with the assumptions of zero contact angle and equal principle pore radii. Those 

assumptions made during the calculation weaken the accuracy of the capillary pressure 

prediction in nanopores. The modified Young-Laplace equation adjusts the calculated 

capillary pressure by introducing a tuning parameter lambda (λ). A general correlation of the 

tuning parameter λ for two mixtures C1-C2 and C1-C3 can be developed by fitting the 

calculated dew points with the experimental data. The modified Young-Laplace (Tan and Piri, 

2015) is given in Eq. (33). 
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𝑃𝑐 =
2𝜎

𝑟𝑝(1 − 𝜆)
    (33) 

The tuning parameter λ is always less than one but can be a negative value. When the λ is 

between zero and one, the calculated capillary pressure is adjusted to a larger value. When the 

λ is less than zero, the calculated capillary pressure is adjusted to a lower value. In order to 

apply the modified Young-Laplace equation in the proposed two-phase equilibrium 

calculation algorithm, a general correlation of the tuning parameter λ for each mixture needs 

to be developed. It was previously suggested that the tuning parameter λ is a function of 

temperature and pore radius (Tan and Piri, 2015), which is proved to be also valid by this 

study. As for a mixture residing in a given nanopore at a given temperature, the tuning 

parameter λ is determined by fitting the measured dew point pressure at a given temperature. 

During the fitting process, firstly a guessed λ value is fed into the two-phase flash calculation 

algorithm to yield a dew point pressure. λ is tuned until the calculated dew point pressure 

matches the measured one. The computed tuning parameter λ for the mixtures C1-C2 and C1-

C3 at different temperatures and pore radii is given in Figfure 13 and Figure 14, respectively. 

Based on the results shown in Figure 13, the following empirical correlation for λ can be 

obtained for the mixture C1-C2 (R
2=0.9992). 

𝜆 = −14.7 + 0.09466𝑇 + 0.3595𝑟𝑝 − 0.0001422𝑇
2 − 0.001104𝑇𝑟𝑝     #(34) 

Based on results shown in Figure 14, the following empirical correlation for λ can be 

developed for the mixture C1-C3 (R
2=0.9218). 

𝜆 = −51.85 + 0.2994𝑇 + 0.1979𝑟𝑝 − 0.0004148𝑇
2 − 0.0006433𝑇𝑟𝑝     #(35) 

One can observe that the λ correlations for both mixtures show a quadratic polynomial 

relationship with temperature. Furthermore, λ decreases with a decreasing pore radius. 
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Figure 13: Computed tuning parameter λ for the mixture C1-C2 based on the experimental 

data provided by Qiu et al. (2018). The solid lines are trend lines which are drawn for visual 

guide purpose. 

 
Figure 14: Computed tuning parameter λ for the mixture C1-C3 based on the experimental 

data provided by Zhong et al. (2018). The solid lines are trend lines which are drawn for 

visual guide purpose. 



 
 

39 
 

The above correlations of λ for the two mixtures C1-C2 and C1-C3 can then be implemented in 

the modified Young-Laplace equation in the proposed algorithm to obtain more accurate two-

phase equilibrium calculations in confined nanopores. In addition to the measured dew point 

pressures, Figure 15 and Figure 16 show the dew point pressure curves of the mixtures C1-C2 

and C1-C3 calculated using the two-phase equilibrium calculation algorithm coupled with 

both the volume translation (Abudour et al., 2013) and the modified Young-Laplace equation 

(Tan and Piri, 2015). 

 

Figure 15: Comparison of measured dew point pressures of the mixture C1-C2 (Qiu et al., 

2018) and calculated ones by the two-phase equilibrium calculation algorithm coupled with 

the volume translation (Abudour et al., 2013) and the modified Young-Laplace equation (Tan 

and Piri, 2015). 
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Figure 16: Comparison of measured dew point pressures of the mixture C1-C3 (Zhong et al., 

2018) and calculated ones by the two-phase equilibrium calculation algorithm coupled with 

the volume translation (Abudour et al., 2013) and the modified Young-Laplace equation (Tan 

and Piri, 2015). 

The dew point pressures of the mixtures C1-C2 and C1-C3 in confined nanopores calculated 

using the new strategy match the experimental data with a decent accuracy. The modelling of 

the tuning parameter λ for both tested mixtures is proved to be effective in improving the 

accuracy of the two-phase equilibrium calculations in confined nanopores.  

 

3.3. Conclusions 

The following conclusions can be obtained based on the results presented in this chapter: 

1. The dew point pressures of two mixtures C1-C2 and C1-C3 in confined nanopores 

calculated by the proposed two-phase equilibrium calculation algorithm with the use 

of the volume translation method proposed by Abudour et al. (2013) are closer to the 
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experimental data compared with the dew point pressures calculated by the two-phase 

equilibrium calculation algorithm without the use of the volume translation method 

proposed by Abudour et al. (2013). 

2. Two empirical correlations of the tuning parameter λ in the modified Young-Laplace 

equation are obtained for the two mixtures C1-C2 and C1-C3 examined in this study. 

They are shown to be a function of both temperature and nanopore radius.  

3. Implementation of the modified Young-Laplace equation in the proposed algorithm 

can effectively improve the accuracy of the confined dew point predictions for the two 

hydrocarbon mixtures examined in this study. 
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CHAPTER 4 CONCLUSIONS AND RECOMMENDATIONS 

4.1. Conclusions 

This work proposes a new two-phase equilibrium calculation algorithm that couples the effect 

of capillary pressure and volume translation in the conventional two-phase equilibrium 

calculation algorithm. The volume translation method used to calculate the phase densities in 

the proposed algorithm was proposed by Abudour et al. (2013). This work first studies the 

effect of volume translation on vapor-liquid IFT calculations and then validates the calculated 

IFTs with experimental data (Weinaug and Katz, 1943). It is found that by using the phase 

densities calculated from volume translated PR-EOS, the calculated vapor-liquid IFTs are 

closer to the experimental data compared to the IFTs calculated using the phase densities 

from the original PR-EOS. Then, the proposed two-phase equilibrium calculation algorithm 

is employed to calculate dew point pressures in confined spaces for two hydrocarbon 

mixtures C1-C2 and C1-C3. The calculated dew point pressures for both tested mixtures using 

the proposed algorithm match the experimental data (Qiu et al., 2018; Zhong et al., 2018) 

with a higher accuracy compared to the dew point pressures calculated without applying the 

volume translation method. Overall, the application of the volume translation method 

(Abudour et al., 2013) significantly improves the accuracy of the two-phase equilibrium 

calculations in confined nanopores. Finally, a modified Young-Laplace equation (Tan and 

Piri, 2015) is used to adjust the prediction of the capillary pressure. Empirical correlations of 

the tuning parameter λ are developed in this work and applied during the two-phase 

equilibrium calculations. It is found that the application of the modified Young-Laplace 
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equation in the proposed two-phase equilibrium calculation algorithm significantly improves 

the calculation accuracy and the calculated results match very well with the experimental 

data.  

 

4.2. Recommendations 

One limitation of the current work is that limited experimental data are used to validate the 

proposed modelling methodology. The experimental dew point pressures are only collected 

for two light hydrocarbon mixtures. The performance of the proposed algorithm on predicting 

two-phase equilibrium for heavier hydrocarbon mixtures in confined nanopores is uncertain. 

With more experimental data made available in the future, the proposed algorithm can then 

be examined on heavy hydrocarbon mixtures. Furthermore, the proposed algorithm only 

considers capillary pressure in confined nanopores. Other factors (such as adsorption) are not 

considered. In addition, the shift of critical point in nanopores could be included in the 

proposed algorithm for a better description of the confinement effect on phase behavior.  
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