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Abstract 

Since the 1980s, multiphase equilibrium calculations have been well developed. Usually, water 

is excluded from the calculations although the amount of dissolved hydrocarbons and CO2 in water 

can be substantial. There are several published four-phase flash calculation methods using a single 

cubic EOS to model both hydrocarbon and aqueous phases, but the predicted gas solubility in 

water modeled from an EOS is orders of magnitude lower than experimental data.  

In this thesis, a generalized multiphase flash calculation algorithm is developed to address both 

the multiple phase behavior of a CO2/crude oil system and water-hydrocarbon mutual solubility 

simultaneously. The hydrocarbon phases are modeled with a cubic EOS, and the water phase is 

modelled with Henry’s law constants. Our results are compared with experimental data and 

calculation results from commercial software to validate the algorithm in different types of 

equilibria. 
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Chapter One: Introduction 

Multiphase equilibrium calculations have been widely used in reservoir and process 

simulation to determine the number of phases, phase amounts and phase compositions at a given 

pressure, temperature and overall compositions. Over the last few decades, multiphase flash 

algorithms have been well developed for different types of equilibria. In this chapter, a literature 

review of published research on phase equilibrium calculations and the research objectives of this 

thesis are presented. 

1.1 Literature Review 

Since Rachford and Rice (1952) published the solution of a two-phase flash calculation in 

1952, many improvements have been made. Organick and Meyer (1955) presented flash 

calculations and results performed on an IBM card programmed calculator. Bennett et al. (1960) 

developed an integration method for the calculations of equilibrium flash vaporization curves. 

Osborne (1964) first addressed a three-phase flash problem and described a method primarily for 

hand calculations using a direct iteration. Deam and Maddox (1969) formulated a three-phase 

equilibrium problem and suggested to apply the Newton-Raphson method to solve a set of two 

simultaneous equations. Their three-phase flash proposal was implemented by Erbar (1972) who 

used the Redlich-Kwong (RK) EOS to calculate the fugacity coefficients of the vapor phase and 

the Scatchard-Hildebrad solubility parameter model to determine activity coefficients for the liquid 

phase. Dluziewski et al. (1973) developed a free-energy minimization method to calculate two- 

and three-phase equilibria. Lu et al. (1974) applied the RK EOS to model both the liquid and vapor 

phases and introduced a modified regula-falsi method to determine the compositions of two liquid 

phases. 

An equation-of-state thermodynamic model has been extensively used to model both oil 

and gas phases in flash calculations since the 1970s when the Soave-Redlich-Kwong (SRK) (Soave, 
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1972) and Peng-Robinson (PR) (Peng and Robinson, 1976a) EOS’s were developed. A typical 

EOS flash is formulated by material balance and the equality of component fugacity. A robust 

successive substitution (SS) method is commonly used to solve the fugacity equations (Prausnitz 

et al., 1980). A standard SS procedure contains an inner loop that performs a constant K-value 

flash and an outer loop that updates K-values from newly calculated component fugacities by an 

EOS. This method is stable; however, its convergence is very slow near critical points (Michelsen, 

1982b). Fussell and Yanosik (1978) proposed a minimum variable Newton-Raphson (MVNR) 

iterative method to achieve quadratic convergence for a two-phase system. Fussell (1979) further 

generalized this MVNR method to a three-phase flash problem. The RK EOS was used in both 

schemes and it is applicable to all EOS’s. Similar approaches can be found in Asselineau et al. 

(1979), Michelsen (1982b) and Abhvani and Beaumont (1987) but formulations of equations 

and/or different independent variables were selected. An initial guess in the vicinity of the solution 

is necessary for the high-order method to converge. To achieve both stability and efficiency, Mehra 

et al. (1983) developed an accelerated scheme of successive substitution (ACSS) that chooses an 

optimal step length for updating K-values in the outer loop. They reported that the number of 

iterations for convergence was significantly reduced by using the ACSS. Nghiem et al. (1983) 

combined SS and Powell’s hybrid methods and developed an efficient switching criterion. Nghiem 

(1983) also developed a quasi-Newton successive substitution (QNSS) method that can achieve 

fast convergence without a good initial estimate. 

Baker et al. (1982) pointed out a deficiency that an EOS can predict an incorrect number 

of phases and/or phase compositions by just solving a fugacity equation without incorporating the 

minimization of the Gibbs free energy of a system. They also presented and proved a tangent plan 

criterion to check if the predicted equilibrium has the global minimum Gibbs energy. On the basis 
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of the tangent plan criterion, Michelsen (1982a) developed a phase stability analysis algorithm that 

tests if the phase splitting calculation results are thermodynamically stable. The stability test results 

also provide an initial guess for the incipient phase compositions for the next stage phase splitting 

calculation if necessary. Nghiem and Li (1984) proposed a stagewise procedure using rigorous 

stability tests (Nghiem and Heidemann, 1982) to generate initial guesses and determined the 

number of phases for three-phase liquid-liquid-vapor equilibrium computations. The QNSS 

method (Nghiem, 1983) is applied to solve both stability test and fugacity equations. Methods that 

directly minimize the Gibbs free energy have also been developed and investigated by Gautam 

and Seider (1979), Ohanomah and Thompson (1984), Trangenstein (1985), Lucia et al. (1985), 

Ammar and Renon (1987), Litvak (1994) and Teh and Rangaiah (2002). However, local 

minimization algorithms have difficulties with existence of multiple minima while global 

minimization algorithms are not suitable for compositional simulation due to high computational 

costs (Okuno, 2009). 

For water-containing systems, several authors attempted to model both hydrocarbon and 

water phases using a single EOS in the two- or three-phase flash calculations. Heidemann (1974) 

described a free-energy minimization method for three-phase flash calculations and the RK EOS 

was used for all phases. Peng and Robinson (1976b) used their cubic EOS (Peng and Robinson, 

1976a) to predict the phase behavior of systems containing a water-rich liquid phase, a 

hydrocarbon-rich liquid phase and a vapor phase. Evelein et al. (1976) presented the phase 

behavior for CO2/water and H2S/water systems using a modified Redlich-Kwong EOS by Soave 

(Soave, 1972). In these studies, the calculated water content of the hydrocarbon phases matches 

well with experimental data but the dissolved gas amount in water predicted by the EOS is highly 
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underestimated. Modifications to the EOS parameters were also made for the aqueous phase to 

improve the accuracy of gas solubility calculations (Erbar et al., 1980; Peng and Robinson, 1980). 

Henry’s law has also been considered as a proper thermodynamic model for the aqueous 

phase. The following approaches used Henry’s law to model the gas solubility in the aqueous phase 

and an EOS for the hydrocarbon phases. Luks et al. (1976) carried out calculations for air-water 

and nitrogen-oxygen-water systems. Heidemann and Prausnitz (1977) presented calculation results 

of equilibrium data for saturated combustion gases consisting of N2, CO2 and water. Mehra et al. 

(1982) used Cysewski and Prausnitiz’s correlation (1976) to estimate the gas solubility in the 

aqueous phase. Nghiem and Heidemann (1982) applied Henry’s law constants obtained from 

experimental data in the flash calculations for crude oil/water mixtures. Li and Nghiem (1986) 

modified Jonah’s (1983) linear correlation of Henry’s law constants versus the inverse of the 

absolute temperature (1/T) by introducing a quadratic term of 1/T and presented the correlations 

for both pure water and brine obtained by regression. However, a maximum of two hydrocarbon 

phases was assumed in the above studies so that these models cannot predict complex multiphase 

behavior when satisfactory estimation of gas solubility in water is achieved. 

Equilibrium calculations for four or more coexisting phases have also been proposed by 

several authors to address both multiple hydrocarbon phase behavior and interaction with water. 

Risnes and Dalen (1984) presented a stepwise procedure to perform equilibrium calculations for a 

four-phase liquid-liquid-vapor-water system. The approach started with a water-free two-phase 

flash and then additional phases were introduced and tested for existence and water was the last 

phase added to the system. The PR EOS was used for all phases in their calculations. Henry’s law 

was also suggested to adjust hydrocarbon solubility to experimental data. However, no details and 

results were provided. Enick et al. (1986) modified the approach of Risnes and Dalen (1984) and 
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presented four-phase equilibrium calculations for multicomponent systems containing water. They 

used an alternative method to initialize the compositions of phases and a comprehensive search 

strategy for changes in the phase distribution before the introduction of water. The PR EOS is 

selected to represent both the aqueous and hydrocarbon phases. They also observed significant 

changes in the phase distribution occurring by introducing water. Enick et al. (1987) introduced a 

new mixing rule for asymmetric systems and modified EOS parameters to improve the accuracy 

of calculated water-CO2 mutual solubility and water density. Wei (2015) presented a formulation 

of multiphase equilibrium calculations with no limit on the maximum number of phases allowed. 

A cubic EOS was used to calculate component fugacity and density for all phases and a phase 

density was corrected by a volume shift (Peneloux et al., 1982). Four-phase equilibrium calculation 

results were provided and changes on phase distribution under the influence of water were also 

observed. Both complex multiple phase behavior and interaction with the water have been 

addressed in the above four-phase or multiphase models. However, as discussed above, gas 

solubility in water calculated using an EOS is highly underestimated. Even though modifications 

to a mixing rule and EOS parameters were made for improvement, the reliability of predicted 

results is difficult to evaluate without matching experimental data. 

1.2 Research Objectives 

The main objective of this thesis is to develop a robust and efficient multiphase equilibrium 

calculation algorithm that can address both multiphase behavior and water-hydrocarbon mutual 

solubility simultaneously. The solid phase that can appear in asphaltic crude systems and the effect 

of NaCl on equilibrium are not considered in this study. To enhance the accuracy of calculation 

results, a cubic EOS is selected to model the hydrocarbon phases and a component fugacity in the 

aqueous phase is estimated by Henry’s law constants. The algorithm implements a stepwise 

approach that sequentially applied a phase stability test and phase split calculations to determine 
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the correct number of phases and phase compositions. This multiphase flash routine can be used 

to predict and investigate complex multiphase behavior of solvent/crude oil/water mixtures and 

study the effect of water and dissolved gas on equilibrium results. In addition, with some 

modifications, it can be incorporated into a four-phase compositional simulator to investigate the 

effect of multiphase behavior phenomena and/or water-hydrocarbon mutual solubility on the 

production of gas and water-alternating-gas injection processes. 

  



 

7 

Chapter Two: Multiphase Equilibrium Calculations 

In this chapter, the mathematical formulation, thermodynamic models and computational 

procedure for predicting multiphase equilibrium behavior are presented. 

2.1 Mathematical Formulation 

The mathematical formulation of a multiphase equilibrium problem is developed on the 

basis of material balance and the second law of thermodynamics. According to Baker et al. (1982), 

all phase equilibrium solutions must satisfy three restrictions: 

1. Material balance 

2. Equality of chemical potentials 

3. Minimization of the global Gibbs energy 

2.1.1 Material Balance Equations 

Considering a system consisting of 𝑁𝑐 components and 𝑁𝑝 phases, the material balance 

indicates that the total mole number of a component remains the same after phase splitting. 

Therefore, the overall mole number of a component is equal to the sum of the mole number of that 

component distributed in each phase. The material balance equation on component 𝑖  can be 

expressed as 

 𝑛𝑖 = ∑𝑛𝑖𝑗

𝑁𝑝

𝑗=1

 (2-1) 

where 𝑛𝑖 is the total mole number of the 𝑖-th component and 𝑛𝑖𝑗 is the mole number of the 𝑖-th 

component in the 𝑗-th phase. Dividing both sides of the above equation by the total mole number 

of the mixture 𝑛𝑇 = ∑ 𝑛𝑖
𝑁𝑐
𝑖=1  yields 

 
𝑛𝑖

𝑛𝑇
= ∑

𝑛𝑗

𝑛𝑇

𝑛𝑖𝑗

𝑛𝑗

𝑁𝑝

𝑗=1

 (2-2) 
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Let 𝑧𝑖 = 𝑛𝑖 𝑛𝑇⁄  denote the feed composition (overall mole fraction) of component 𝑖, 𝛽𝑗 = 𝑛𝑗 𝑛𝑇⁄  

denote the mole fraction of phase 𝑗, and 𝑥𝑖𝑗 = 𝑛𝑖 𝑛𝑖𝑗⁄  denote the mole fraction of component 𝑖 in 

phase 𝑗. Eqn (2-2) is written as 

 𝑧𝑖 = ∑𝛽𝑗𝑥𝑖𝑗

𝑁𝑝

𝑗=1

 (2-3) 

By definition, the compositions and phase mole fractions should also satisfy 

 ∑𝑧𝑖

𝑁𝑐

𝑖=1

= 1 (2-4) 

 ∑𝛽𝑗

𝑁𝑝

𝑗=1

= 1 (2-5) 

and 

 ∑𝑥𝑖𝑗

𝑁𝑐

𝑖=1

= 1,          𝑗 = 1,⋯ ,𝑁𝑝 (2-6) 

2.1.2 Phase Equilibrium Equations 

For an equilibrium system, the individual components have the identical chemical 

potentials in all the phases, which means that there is no driving force causing the components to 

move between the phases at equilibrium. The equality of chemical potentials can be equivalently 

written as 

 𝑓𝑖1(𝑃, 𝑇, 𝑥11, ⋯ , 𝑥𝑁𝑐1) = 𝑓𝑖𝑗(𝑃, 𝑇, 𝑥1𝑗, ⋯ , 𝑥𝑁𝑐𝑗),          𝑗 = 2,⋯ , 𝑁𝑝 (2-7) 

where 𝑓𝑖𝑗(𝑃, 𝑇, 𝑥1𝑗 , ⋯ , 𝑥𝑁𝑐𝑗)  denotes the fugacity of component 𝑖  in phase 𝑗  at pressure 𝑃 , 

temperature 𝑇  and phase composition (𝑥1𝑗, ⋯ , 𝑥𝑁𝑐𝑗)  (Firoozabadi, 2016). The component 

fugacity 𝑓𝑖𝑗 has the same unit as pressure and can be evaluated using 
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 ln 𝜙𝑖𝑗 = ln
𝑓𝑖𝑗

𝑥𝑖𝑗𝑃
= ∫ [

1

𝑅𝑇
(

𝜕𝑃

𝜕𝑛𝑖𝑗
)

𝑇,𝑉,𝑛⃗ 𝑖𝑗

−
1

𝑉
]𝑑𝑉

∞

𝑉

− ln 𝑍𝑗 (2-8) 

where 𝜙𝑖𝑗 = 𝑓𝑖𝑗 (𝑥𝑖𝑗𝑃)⁄  is the fugacity coefficient, 𝑍𝑗 is the compressibility factor of phase 𝑗 and 

𝑅 is the universal constant. The partial derivatives of pressure with respect to the mole number and 

the integral over volume in Eqn (2-8) can be calculated according to a thermodynamic model 

selected. 

2.1.3 Phase Stability Test 

The minimization of Gibbs free energy of the system of predicted equilibrium phases is 

equivalent to the entropy maximum principle which is a statement of the second law of 

thermodynamics. As shown by Baker et al. (1982), the equality of component fugacities is 

necessary but not sufficient for minimization of Gibbs energy. Equilibrium that satisfies material 

balance and chemical potential restrictions while failing to minimize the Gibbs energy can predict 

an incorrect number of phases and/or phase mole fractions and compositions. Baker et al. (1982) 

also presented a tangent plan criterion to check if a predicted equilibrium has the global minimum 

Gibbs energy. 

To implement the tangent plan criterion in flash calculations, Michelsen (1982a) presented 

a phase stability analysis method to decide whether a predicted equilibrium system is 

thermodynamically stable. The method introduces a trial phase to the calculated equilibrium result 

and tests if the Gibbs energy of the system is reduced. It examines the tangent plan distance (TPD) 

between the Gibbs free energy and the tangent plan at a composition 𝑥𝑡⃗⃗  ⃗ = (𝑥1𝑡 , … , 𝑥𝑁𝑐𝑡) of the 

trial phase. The predicted system is stable if and only if the TPD is greater than zero for all 𝑥𝑡⃗⃗  ⃗. 

Instead of performing an exhaustive search in the composition space, only the TPDs at stationary 
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points of the Gibbs free energy surface are tested. The stationary points can be located by solving 

the stationarity criterion equations 

 ln 𝑋𝑖𝑡 + ln𝜙𝑖(𝑥 𝑡) − ln 𝑥𝑖𝑗 − ln𝜙𝑖𝑗(𝑥 𝑗) = 0,          𝑖 = 1,⋯ ,𝑁𝑐 (2-9) 

for any phase 𝑗 existing in the system, where 

 𝑥𝑖𝑡 = 𝑋𝑖𝑡 ∑ 𝑋𝑚𝑡

𝑛𝑐

𝑚=1

⁄  (2-10) 

For all the non-trivial solutions 𝑋𝑡
⃗⃗⃗⃗  of Eqn (2-9), the system of predicted equilibrium is stable if 

∑ 𝑋𝑖𝑡
𝑛𝑐
𝑖=1 ≤ 1. Otherwise, the system is unstable. Then a (𝑁𝑝 + 1)-phase flash calculation is carried 

out to determine the corresponding phase mole fractions and compositions. 

2.2 Thermodynamic Models 

The reliability of the predicted phase equilibrium results highly depends on the selection 

of proper thermodynamic models for different phases. A cubic EOS has been widely used in the 

oil and gas industry for both phase behavior modelling and phase property calculations. The 

description of complex multiple hydrocarbon phase equilibrium by a cubic EOS is adequate 

enough while the gas solubility in water estimated by the same EOS is inaccurate. Therefore, in 

this thesis, the hydrocarbon phases are handled by a cubic EOS and the water phase is modelled 

by Henry’s law. 

2.2.1 Equation of State 

An equation of state is an algebraic expression that relates the pressure, temperature and 

volume of a fluid phase. Among thousands of published EOS’s, the cubic EOS developed by Peng 

and Robinson (1976a) and the Redlich-Kwong EOS modified by Soave (1972) are most commonly 

used in phase equilibrium calculations. 
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2.2.1.1 Peng-Robinson (PR) EOS 

The PR EOS can be written in a pressure-explicit form as 

 𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎(𝑇)

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
 (2-11) 

The attraction parameter 𝑎(𝑇) and co-volume parameter 𝑏 in Eqn (2-11) are calculated from the 

criterion of criticality 

 𝑎(𝑇) = 0.45724𝛼
𝑅2𝑇𝑐

2

𝑃𝑐
 (2-12) 

and 

 𝑏 = 0.0778
𝑅𝑇𝑐

𝑃𝑐
 (2-13) 

with 

 𝛼 = (1 + 𝜆 (1 − √𝑇 𝑇𝑐⁄ ))
2

 (2-14) 

where 

 𝜆 = {
    0.37464 + 1.5432𝜔 − 0.26992𝜔2 ,        𝜔 < 0.49       

0.3796 + 1.485𝜔 − 0.1644𝜔2 + 0.01666𝜔3 ,     𝜔 ≥ 0.49       
 (2-15) 

𝜔 is the acentric factor of a component that measures the non-sphericity of the molecule. For a 

mixture with multiple components, 𝑎(𝑇) and 𝑏 are obtained from the linear mixing rules 

 𝑎(𝑇) = ∑ ∑ 𝑥𝑖𝑥𝑘(1 − 𝛿𝑖𝑘)√𝑎𝑖𝑎𝑘

𝑛𝑐

𝑘=1

𝑛𝑐

𝑖=1

 (2-16) 

and 

 𝑏 = ∑𝑥𝑖𝑏𝑖

𝑛𝑐

𝑖=1

 (2-17) 

where 𝛿𝑖𝑘  is the binary interaction parameter between components 𝑖  and 𝑘  and for each 

component, 𝑎𝑖 and 𝑏𝑖 are computed from Eqn (2-12) and Eqn (2-13), respectively. 
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In terms of the compressibility 𝑍 = 𝑃𝑉/𝑅𝑇, one may write Eqn (2-11) as 

  𝑍3 − (1 − 𝐵)𝑍2 + (𝐴 − 2𝐵 − 3𝐵2)𝑍 − (𝐴𝐵 − 𝐵2 − 𝐵3) = 0 (2-18) 

where 

 𝐴 =
𝑎(𝑇)𝑃

𝑅2𝑇2
 (2-19) 

and 

 𝐵 =
𝑏𝑃

𝑅𝑇
 (2-20) 

Eqn (2-18) can be solved analytically by the cubic formula (Chen, 2007). If multiple real roots 

exist, the one giving the lowest Gibbs energy is selected (Evelein et al., 1976). 

In a hydrocarbon phase, the fugacity coefficient of component 𝑖 is computed by 

 

ln 𝜙𝑖 =
𝑏𝑖

𝑏
(𝑍 − 1) − ln(𝑍 − 𝐵)

−
𝐴

2√2𝐵
(
1

𝑎

𝜕𝑎

𝜕𝑥𝑖
−

𝑏𝑖

𝑏
) ln (

𝑍 + (1 + √2)𝐵

𝑍 + (1 − √2)𝐵
) 

(2-21) 

2.2.1.2 Soave-Redlich-Kwong (SRK) EOS 

The SRK EOS can be expressed as 

 𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎(𝑇)

𝑣(𝑣 + 𝑏)
 (2-22) 

Parameters 𝑎(𝑇) and 𝑏 are computed from 

 𝑎(𝑇) = 0.42747𝛼
𝑅2𝑇𝑐

2

𝑃𝑐
 (2-23) 

and 

 𝑏 = 0.08664
𝑅𝑇𝑐

𝑃𝑐
 (2-24) 

with 
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 𝛼 = (1 + 𝜆 (1 − √𝑇 𝑇𝑐⁄ ))
2

 (2-14) 

where 

 𝜆 = 0.48 + 1.574𝜔 − 0.26992𝜔2 (2-25) 

The linear mixing rules Eqn (2-16) and Eqn (2-17) are applied to evaluate 𝑎(𝑇) and 𝑏 for a mixture, 

with 𝑎𝑖 and 𝑏𝑖 for each component calculated from Eqn (2-23) and Eqn (2-24), respectively. The 

SRK EOS can be written as the following cubic equation in 𝑍: 

 𝑍3 − 𝑍2 + (𝐴 − 𝐵 − 𝐵2)𝑍 − 𝐴𝐵 = 0 (2-26) 

where 𝐴 and 𝐵 are given by Eqn (2-19) and Eqn (2-20). The fugacity coefficient of component 𝑖 

is computed by 

 ln 𝜙𝑖 =
𝑏𝑖

𝑏
(𝑍 − 1) − ln(𝑍 − 𝐵) −

𝐴

𝐵
(
1

𝑎

𝜕𝑎

𝜕𝑥𝑖
−

𝑏𝑖

𝑏
) ln (1 +

𝐵

𝑍
) (2-27) 

2.2.2 Henry’s Law 

As discussed before, the calculated phase equilibrium for a water-containing system 

modelled by a single EOS is not accurate in the prediction of gas in water solubility. This can be 

improved by applying a different but more appropriate thermodynamic model to handle the water 

phase during the calculation. In this work, component fugacities in the water phase is calculated 

using Henry’s law constants correlated by Li and Nghiem (1986). The correlation was developed 

for a variety of components including CO2, N2 and hydrocarbons by performing an extensive 

match of experimental solubility data. 

The fugacity of the water component in the water phase is calculated using the Gibbs-

Duhem equation (Prausnitz, 1969) 

 𝑓𝓌𝑤 = 𝑥𝓌𝑤𝜙𝓌
𝑠 𝑃𝓌

𝑠 exp(∫
𝑣𝓌

𝑅𝑇
𝑑𝑃

𝑃

𝑃𝓌
𝑠

) (2-28) 



 

14 

where 𝑤 denotes the water phase and 𝓌 denotes the water component. 

According to Li and Nghiem (1986), the fugacity coefficient 𝜙𝓌
𝑠  is determined using the 

following correlation in terms of temperature in 𝐹𝑜  

 

𝜙𝓌
𝑠 = 0.9958 + 9.68330 × 10−5𝑇𝐹 − 6.715 × 10−7𝑇𝐹

2

− 3.08333 × 10−10𝑇𝐹
3      𝑇𝐹 > 90 𝐹𝑜   

𝜙𝓌
𝑠 = 1      𝑇𝐹 ≤ 90 𝐹𝑜  

(2-29) 

which is found by matching the data of Canjar and Manning (1967).  

The saturation pressure of water 𝑃𝓌
𝑠  can be obtained by solving the Frost-Kalkwarf-Thodos 

vapor-pressure equation reported by Reid et al. (1977).  

 ln 𝑃𝓌
𝑠 =ℬ (

1

𝑇𝑟𝑤
− 1) + (0.7816ℬ + 2.67)ln(𝑇𝑟𝑤) +

27

64
(
𝑃𝓌

𝑠

𝑇𝑟𝑤
2

− 1) (2-30) 

with 

 ℬ =
ln 𝑃𝑐𝓌 + 2.67ln𝑇𝑏𝑟𝓌 + 27

64
[(1 𝑃𝑐𝓌𝑇𝑏𝑟𝓌

2⁄ )−1]

1 − 1 𝑇𝑏𝑟𝓌
⁄ − 0.7816ln𝑇𝑏𝑟𝓌

 (2-31) 

where 𝑇𝑟𝓌 is the reduced temperature of water, 𝑃𝑐𝓌 is the critical pressure of water and 𝑇𝑏𝑟𝓌 is 

given by 

 𝑇𝑏𝑟𝓌 =
𝑇𝑏𝓌

𝑇𝑐𝓌
 (2-32) 

where 𝑇𝑐𝓌 is the critical temperature of water and 𝑇𝑏𝓌 is the normal boiling point. 

The molar volume 𝑣𝓌 in Eqn (2-28) is calculated from the analytical relation reported by 

Rowe and Chou (1970) 

 𝑣𝓌 = 𝐴(𝑇𝐾) − 𝐵(𝑇𝐾)𝑃 − 𝐶(𝑇𝐾)𝑃2 (2-33) 

where 𝑣𝓌  is in 𝑐𝑚3/𝑔𝑟𝑎𝑚 , 𝑇𝐾  is in 𝐾  and 𝑃  is in 𝑘𝑔𝑓/𝑐𝑚2 . 𝐴(𝑇𝐾) , 𝐵(𝑇𝐾)  and 𝐶(𝑇𝐾)  are 

determined as follows: 
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𝐴(𝑇𝐾) = 5.916365 − 1.035794 × 10−2𝑇𝐾 + 9.270048 × 10−6𝑇𝑘
2

−
1127.522

𝑇𝐾
+

100674.1

𝑇𝐾
2  

(2-34) 

 

𝐵(𝑇𝐾) = 5.204914 × 10−3 − 1.0482101 × 10−5𝑇𝐾 + 8.328532 × 10−9𝑇𝑘
2

−
1.1702939

𝑇𝐾
+

102.2783

𝑇𝐾
2  

(2-35) 

 𝐶(𝑇𝐾) = 1.18547 × 10−8 − 6.599143 × 10−11𝑇𝐾 (2-36) 

The fugacity of a non-water component in the water phase modeled by Henry’s law is given 

by 

 𝑓𝑖𝑤 = 𝑥𝑖𝑤𝐻𝑖 ,          𝑖 ≠ 𝓌 (2-37) 

𝐻𝑖 is Henry’s law constant of component 𝑖 and it can be evaluated from 

 ln 𝐻𝑖 = ln𝐻𝑖
∗ +

𝑣𝑖
∞𝑃

𝑅𝑇
 (2-38) 

In Eqn (2-38), 𝑣𝑖
∞, the molar volume of component 𝑖 at infinite dilution, is computed from 

the correlation of Lyckman et al. (1965) 

 
𝑃𝑐𝑖𝑣𝑖

∞

𝑅𝑇𝑐𝑖
= 0.095 + 2.35

𝑇𝑃𝑐𝑖

𝐶𝓌𝑇𝑐𝑖
 (2-39) 

𝐶𝓌 is the cohesive energy density of water determined by 

 𝐶𝓌 =
ℎ𝓌

0 − ℎ𝓌
𝑠 + 𝑃𝓌

𝑠 𝑣𝓌
𝑠 − 𝑅𝑇

𝑣𝓌
𝑠

 (2-40) 

where 𝑃𝓌
𝑠  is obtained from Eqn (2-30), 𝑣𝓌

𝑠 , the molar volume of water at 𝑃𝓌
𝑠  and 𝑇, is calculated 

using Eqn (2-33), and ℎ𝓌
0 − ℎ𝓌

𝑠 , the enthalpy departure of water liquid at  𝑃𝓌
𝑠  and 𝑇, is computed 

from the following Yen-Alexander equation (1965): 

 
ℎ𝓌

0 − ℎ𝓌
𝑠

𝑇𝑐𝓌𝐾
=

7.0 + 4.5688(− ln 𝑃𝑟𝓌)0.333

1.0 + 0.004(ln𝑃𝑟𝓌)
 (2-41) 
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𝑃𝑟𝓌 is the reduced pressure of water and 𝑇𝑐𝓌𝐾 is the critical temperature of water in 𝐾. 

 

Table 2-1 Reference Henry’s Law constants and water interaction coefficients (Li and Nghiem, 

1986) 

Component 𝐴 𝐵 𝐶 𝛿𝑖𝓌 

C1 10.9554 11.3569 1.17105 0.4907 

C2 13.9485 13.8254 1.66544 0.4911 

C3 14.6331 14.4872 1.78068 0.5469 

n-C4 13.4248 13.8865 1.71879 0.5080 

n-C5 16.0045 16.2281 2.13123 0.5 

n-C10 31.9431 28.6725 4.37707 0.45 

N2 10.7090 11.4793 1.16549 0.275 

CO 10.7069 11.1313 1.0892 0.2 

CO2 11.3021 10.6030 1.20696 

0.2   T≤273K 

0.49852-0.008T  T>272K 

𝐻𝑖
∗  is the reference Henry’s law constant that can be evaluated using the following 

correlation suggested by Li and Nghiem (1986): 

 ln (
𝐻𝑖

∗

𝑓𝑤
𝑠
) = − 𝐴 + 𝐵 (

103

𝑇𝐾
) − 𝐶 (

106

𝑇𝐾
2 ) (2-42) 

𝑓𝓌
𝑠 , the fugacity of saturated water, is given by 

 𝑓𝓌
𝑠 = 𝜙𝓌

𝑠 𝑃𝓌
𝑠  (2-43) 
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where 𝜙𝓌
𝑠  and 𝑃𝓌

𝑠  are computed from Eqn (2-29) and Eqn (2-30), respectively. Coefficients 𝐴, 𝐵 

and 𝐶 as well as the Peng-Roinson EOS binary interaction parameters with water 𝛿𝑖𝓌 for various 

components were obtained by regression and provided in Table 2-1. 

2.3 Computational Procedure 

A stepwise method that sequentially applies the phase stability test and phase split 

calculations is used to compute the phase equilibrium results. The calculation is started by 

performing a stability test for the feed phase. If the feed phase is stable, the calculation is done and 

the system only contains a single phase. Otherwise, another phase is introduced into the system 

and the phase-split calculation is carried out to obtain the mole fraction and composition of each 

phase. Then one of the phases is selected to be tested for stability and phase-split calculations are 

performed if necessary. The procedure repeats until the entire multiphase system is 

thermodynamically stable or the maximum allowable number of phases is achieved. The 

computational flow chart is shown in Fig. 2-1. 
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Figure 2-1 Flow Chart for Multiphase Equilibrium Calculations 
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2.3.1 Phase Stability Calculation 

The stability of a multiphase system can be investigated by solving Eqn (2-9): 

 ln 𝑋𝑖𝑡 + ln𝜑𝑖(𝑥 𝑡) − ln 𝑥𝑖𝑗 − ln𝜑𝑖𝑗(𝑥 𝑗) = 0,          𝑖 = 1,⋯ ,𝑁𝑐 (2-9) 

where 𝑗  denotes one of the phases existing in the current equilibrium system. A successive 

substitution iteration (SSI) is used to find the solution. During iteration, 𝑋𝑡
⃗⃗⃗⃗  is updated by  

 𝑋𝑖𝑡
(𝑘+1)

= exp (ln 𝑥𝑖𝑗 + ln𝜙𝑖𝑗(𝑥 𝑗) − ln𝜙𝑖 (𝑥 𝑡
(𝑘)

)) ,           𝑖 = 1,⋯ ,𝑁𝑐 (2-44) 

where superscript (𝑘) denotes the iteration level. The fugacity coefficients 𝜙𝑖𝑗(𝑥 𝑗) and 𝜙𝑖 (𝑥 𝑡
(𝑘)

) 

are calculated from an EOS for a hydrocarbon phase or from Henry’s law constants for the water 

liquid phase. The phase is identified as water only if the water component composition in the phase 

is greater than 0.8 and the system pressure is greater than the estimated water vapor pressure 

calculated from Eqn (2-30). 

Several initial guesses for 𝑋𝑡
⃗⃗⃗⃗  were suggested by Li and Firoozabadi (2012) to effectively 

locate the stationary points of the Gibbs free energy and the following order applies: 

1) The Wilson correlation (Wilson, 1969) 

 𝑋𝑖𝑡
(0)

= 𝑧𝑖𝐾𝑖
𝑤𝑖𝑙𝑠𝑜𝑛,          𝑖 = 1,⋯ ,𝑁𝑐 (2-45) 

where  

 𝐾𝑖
𝑤𝑖𝑙𝑠𝑜𝑛 =

𝑃𝑐𝑖

𝑃
exp(5.37(1 + 𝜔𝑖) (1 −

𝑇𝑐𝑖

𝑇
)) (2-46) 

2) The inverse Wilson correlation 

 𝑋𝑖𝑡
(0)

= 𝑧𝑖 𝐾𝑖
𝑤𝑖𝑙𝑠𝑜𝑛⁄ ,          𝑖 = 1,⋯ ,𝑁𝑐 (2-47) 

3) The cubic root of the Wilson correlation 
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 𝑋𝑖𝑡
(0)

= 𝑧𝑖 √𝐾𝑖
𝑤𝑖𝑙𝑠𝑜𝑛3

,          𝑖 = 1,⋯ ,𝑁𝑐 (2-48) 

4) The inverse cubic root of the Wilson correlation 

 𝑋𝑖𝑡
(0)

= 𝑧𝑖 √𝐾𝑖
𝑤𝑖𝑙𝑠𝑜𝑛3

⁄ ,           𝑖 = 1,⋯ , 𝑁𝑐 (2-49) 

5) A pure species 

 𝑋𝑖𝑡
(0)

= 0.9   and    𝑋𝑘𝑡
(0)

=
0.1

𝑁𝑐−1
   for 𝑖 = 1,⋯ ,𝑁𝑐 and 𝑘 ≠ 𝑖 (2-50) 

The details of the algorithm for phase stability calculations using SSI are as follows: 

1. Obtain an initial guess for 𝑋𝑡
⃗⃗⃗⃗  from Eqns (2-45) to (2-50) 

2. Compute the fugacity coefficient 𝜙𝑖𝑗(𝑥 𝑗) for the phase to be investigated for stability 

using 

2.1. Eqn (2-21) or Eqn (2-27) according to the EOS selected for a hydrocarbon phase 

or 

2.2. Eqn (2-28) and Eqn (2-37) for the water phase 

3. Calculate the trial phase composition 𝑥𝑡⃗⃗  ⃗ from Eqn (2-10) 

4. Calculate the fugacity coefficient 𝜙𝑖(𝑥 𝑡) for the trial phase similarly as in Step 2 

5. Update 𝑋𝑖𝑡
(𝑘+1)

 from Eqn (2-44) and check for convergence by satisfying 

‖𝑋𝑡
⃗⃗⃗⃗ 

(𝑘+1)
− 𝑋𝑡

⃗⃗⃗⃗ 
(𝑘)

‖ < 𝜀𝑐𝑜𝑛 

6. If it does not converge, go to Step 3. If the convergence has been achieved, check phase 

stability using 

∑𝑋𝑖𝑡

𝑁𝑐

𝑖=1

≤ 1 
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7. If the above inequality holds, the system is stable. Go to step 1 and perform another 

stability test calculations using a different initial guess. Otherwise, the system is not 

stable, and then start the next stage phase-split calculations with a newly introduced 

phase. 

2.3.2 Phase-Split Calculation 

If an unstable system is detected, a phase-split calculation with an additional phase is then 

carried out to determine the mole fraction and composition of each phase. An acceleration scheme 

of the successive substitution iteration (ACSSI) is used in the phase-split calculations. To 

implement ACSSI, it is more convenient to work with K-values which are the ratios of the 

composition of component 𝑖 in phase 𝑗 to those in a reference phase: 

 𝐾𝑖𝑗 =
𝑥𝑖𝑗

𝑥𝑖𝑟
          𝑖 = 1,⋯ ,𝑁𝑐 and 𝑗 = 1,⋯ ,𝑁𝑝 (2-51) 

Therefore, the material balance equations can be written as 

 𝑧𝑖 = ∑ 𝛽𝑝𝐾𝑖𝑝𝑥𝑖𝑟

𝑁𝑝

𝑝=1

          𝑖 = 1,⋯ ,𝑁𝑐  
(2-52) 

and 𝑥𝑖𝑗, 𝛽𝑗 and 𝑧𝑖 are related by the following equation: 

 𝑥𝑖𝑗 =
𝐾𝑖𝑗𝑧𝑖

∑ 𝛽𝑝𝐾𝑖𝑝
𝑁𝑝

𝑝=1

          𝑖 = 1,⋯ ,𝑁𝑐  (2-53) 

The mole fraction of the reference phase can be eliminated using Eqn (2-5) and 𝐾𝑖𝑟 = 1  by 

definition. Substitution of Eqn (2-53) into the constraint equations Eqn (2-6) on phase composition 

gives the multiphase Rachford-Rice equations 

 ∑
(𝐾𝑖𝑗 − 1)𝑧𝑖

1 + ∑ 𝛽𝑝(𝐾𝑖𝑝 − 1)
𝑁𝑝

𝑝=1,𝑝≠𝑟

𝑁𝑐

𝑖=1

= 0    𝑗 = 1,⋯ , 𝑁𝑝 and 𝑗 ≠ 𝑟 (2-54) 
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Eqn (2-54) can be solved for 𝛽𝑝  by the Newton-Raphson method with the Jacobian elements 

evaluated by 

 𝑎𝑚𝑛 = −∑
(𝐾𝑖𝑚 − 1)(𝐾𝑖𝑛 − 1)𝑧𝑖

(1 + ∑ 𝛽𝑝(𝐾𝑖𝑝 − 1)
𝑁𝑝

𝑝=1,𝑝≠𝑟 )
2

𝑁𝑐

𝑖=1

    (2-55) 

After 𝛽𝑗’s are obtained, 𝛽𝑟 can be directly calculated from Eqn (2-5) and phase compositions 𝑥𝑖𝑗 

are computed using Eqn (2-53). The component fugacity coefficients 𝑓𝑖𝑗(𝑥 𝑗)  are obtained 

according to the phase type and corresponding thermodynamic models. Eqn (2-21) or Eqn (2-27) 

is used for the hydrocarbon phases and Eqn (2-28) and Eqn (2-37) are used for the water phase. 

The K-values are updated using an acceleration scheme developed by Mehra et al. (1983) for fast 

convergence. The acceleration parameter 𝜆(𝑘+1) is calculated by the following equation: 

 
𝜆(𝑘+1) =

𝜆(𝑘) ∑ ∑ (𝑔𝑖𝑗
(𝑘)

)
2𝑁𝑝

𝑗≠𝑟
𝑁𝑐
𝑖=1

|∑ ∑ ((𝑔𝑖𝑗
(𝑘−1)

𝑔𝑖𝑗
(𝑘)

) − (𝑔𝑖𝑗
(𝑘)

)
2

)

2
𝑁𝑝

𝑗≠𝑟
𝑁𝑐

𝑖=1 |

,       𝑖 = 1,⋯ , 𝑁𝑐    (2-56) 

where the superscript (𝑘) is the iteration level and 

 𝑔𝑖𝑗 = ln
𝑓𝑖𝑟
𝑓𝑖𝑗

,       𝑖 = 1,⋯ ,𝑁𝑐    (2-57) 

𝜆(𝑘+1) is initialized with 1 and limited within the range [1,3]. Then the K-values are updated from 

 𝐾𝑖𝑗
(𝑘+1)

= 𝐾𝑖𝑗
(𝑘)

exp (−𝜆(𝑘+1)
𝑓𝑖𝑗

𝑓𝑖𝑟
)        𝑖 = 1,⋯ , 𝑁𝑐  and  𝑗 ≠ 𝑟    (2-58) 

The initial K-values for the newly introduced phase to start the ACSSI is directly obtained from 

the results of a stability test: 

 𝐾𝑖𝑛𝑝

(𝑘)
= 

𝑥𝑖𝑡

𝑥𝑖𝑟
      𝑖 = 1,⋯ ,𝑁𝑐 (2-59) 

where 𝑛𝑝 denotes the new phase newly added to an unstable system. 
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The algorithm for phase-split calculations using SSI is as follows: 

1. Calculate the initial K-values for the newly added phase from Eqn (2-59) 

2. Solve for 𝛽𝑗 from Eqn (2-54) using the Newton-Raphson method 

3. Calculate the reference phase mole fraction 𝛽𝑟 from Eqn (2-5) 

4. Calculate the phase composition 𝑥𝑖𝑗 from Eqn (2-53) 

5. Compute the component fugacity 𝑓𝑖𝑗(𝑥 𝑗) for each phase using 

5.1 Eqn (2-21) or Eqn (2-27) according to the EOS selected for a hydrocarbon phase or 

5.2 Eqn (2-28) and Eqn (2-37) for the water phase 

6. Calculate the acceleration parameter from Eqn (2-56) 

7. Update K-values using Eqn (2-58) 

8. Check for convergence by the following criterion: 

[
 
 
 
 

∑∑(𝑓𝑖𝑗 − 𝑓𝑖𝑟)
2

𝑁𝑐

𝑖=1

𝑁𝑝

𝑗=1
𝑗≠𝑟 ]

 
 
 
 

1
2

< 𝜀𝑐𝑜𝑛 

9. If the convergence has been achieved, select a reference phase and perform the stability 

as described in Section 2.3.1. Otherwise, go to Step 2 to continue ACSSI. 
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Chapter Three: Calculation Results and Discussion 

This chapter presents results of multiphase equilibrium calculations for both binary and 

multicomponent water-containing systems. Up to four phases (oil, gas, solvent-rich liquid and 

water) are found coexisting at equilibrium in the systems to be investigated. The predicted 

equilibrium results are compared to experimental data and those obtained from commercial 

software to verify the accuracy and robustness of our algorithm in the prediction of different types 

of equilibria. Results calculated using a single EOS for all the phases are also presented to 

demonstrate the effectiveness of Henry’s law in modeling gas solubility. In addition, the effect of 

water on multiple hydrocarbon phase behavior is also studied. 

The chart legends presented in this chapter have the following meaning: 

 ‘_EXP’ denotes experimental data 

 ‘_CAL’ denotes the results calculated from our algorithm 

 ‘_EOS’ denotes the results calculated from a single EOS model for all phases 

3.1 Water-containing Binary Systems 

The calculated compositions of the water component in the gas/oil phases and solutes in 

the water phase for various binary systems are presented. The PR EOS is used to compute the 

component fugacity of the gas phase and the water phase is modeled by Henry’s law. The binary 

interaction parameter is obtained from Li and Nghiem (1986) as listed in Table 2-1. Henry’s law 

constants adopted in our algorithm give a satisfactory match with experimental data as expected 

since they were correlated through regressions (Li and Nghiem, 1986). In contrast, the amounts of 

dissolved hydrocarbons and CO2 in the water phase calculated from a single EOS model that uses 

the PR EOS for both phases differ by orders of magnitude compared with laboratory measurements. 

3.1.1 Water-CO2 

Table 3-1 Component Properties for Water-CO2 Binary System 
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Component Pc(psia) Tc(
oF) vc(ft

3/lb-mol) MW ω 

CO2 1143.345 87.89 1.505 44.01 0.225 

H2O 3197.838 705.47 0.897 18.015 0.344 

Phase equilibria of a water-CO2 binary system are calculated at temperature from 77 oF to 

212 oF and pressure from 60 psia to 10,060 psia. Component properties used in the calculation are 

listed in Table 3-1 and the experimental data are taken from Wiebe (1941). As shown in Figures 

3-1 and 3-2, the predicted water composition in the CO2-rich phase matches well with the 

experimental data and the predicted CO2 solubility in water is accurate except for 87.872oF at 

which the predicted CO2 composition is 10 percent higher than the experimental values for 

pressures greater than 1000 psia. The overall accuracy of the predicted water-CO2 mutual 

solubility is satisfactory. 

The results calculated using a single EOS model for both phases are depicted in Figures 3-

3 and 3-4. They show that the predicted water content in the CO2-rich phase is as accurate as that 

obtained from this work while the predicted CO2 solutes in water is 10 to 100 times lower than 

experimental data. 

3.1.2 Water-C1 

Table 3-2 Component Properties for Water-C1 Binary System 

Component Pc(psia) Tc(
oF) vc(ft

3/lb-mol) MW ω 

C1 667.196 -116.59 1.586 16.043 0.008 

H2O 3197.838 705.47 0.897 18.015 0.344 
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Figure 3-1 Predicted Water Content in the CO2-rich Phase for the Water-CO2 Binary System 

from this Work 

 

Figure 3-2 Predicted CO2 Solubility in the Water Phase for the Water-CO2 Binary System from 

this Work 
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Figure 3-3 Predicted Water Content in the CO2-rich Phase for the Water-CO2 Binary System 

from a Single EOS Model 

 

Figure 3-4 Predicted CO2 Solubility in the Water Phase for the Water-CO2 Binary System from a 

Single EOS Model 
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For a water-C1 binary system, component properties are given in Table 3-2. Phase 

equilibrium calculations are carried out at temperature from 77 oF to 460 oF and pressure from 300 

psia to 10,000 psia. The experimental data of Olds et al. (1942) for the C1-rich phase and of 

Culbertson and McKetta (1951) for the water phase are compared with calculated compositions in 

Figures 3-5 and 3-6, and an excellent match is achieved. In contrast, a single EOS model is not 

able to provide accurate prediction for both water-in-C1 and C1-in-water compositions. As shown 

in Figure 3-7, the calculated water content in C1-rich phase matches well with experimental data 

at 100oF but the error becomes large as temperature increases. On the other hand, from Figure 3-

8, we see that the C1 solubility in water obtained from a single EOS model is 1 to 4 orders of 

magnitude lower. 

 

 

Figure 3-5 Predicted Water Content in the C1-rich Phase for the Water-C1 Binary System from 

this Work 
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Figure 3-6 Predicted C1 Solubility in the Water Phase for the Water-C1 Binary System from this 

Work 

 

Figure 3-7 Predicted Water Content in the C1-rich Phase for the Water-C1 Binary System from a 

Single EOS Model 
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Figure 3-8 Predicted C1 Solubility in the Water Phase for the Water-C1 Binary System from a 

Single EOS Model 

3.1.3 Water-C2 

Table 3-3 Component Properties for Water-C2 Binary System 

Component Pc(psia) Tc(
oF) vc(ft

3/lb-mol) MW ω 

C2 708.345 90.05 2.371 30.07 0.098 

H2O 3197.838 705.47 0.897 18.015 0.344 

Phase equilibria for a water-C2 mixture are computed at temperatures from 100 oF to 460 

oF and pressure to 10,000 psia with component properties provided in Table 3-3. Experimental 

data for water vaporization are obtained from Reamer et al. (1943) and data for C1 composition 

in the water phase are from Culbertson and McKetta (1950). As shown in Figures 3-9 and 3-10 

for the comparisons of calculated and experimental values, very good agreements for both 

vaporized water in gas and dissolved C2 in water compositions are attained. The calculated results  
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Figure 3-9 Predicted Water Content in the C2-rich Phase for the Water-C2 Binary System from 

this Work 

 

Figure 3-10 Predicted C2 Solubility in the Water Phase for the Water-C2 Binary System from 

this Work 
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Figure 3-11 Predicted Water Content in the C2-rich Phase for the Water-C2 Binary System from 

a Single EOS Model 

 

Figure 3-12 Predicted C2 Solubility in the Water Phase for the Water-C2 Binary System from a 

Single EOS Model 



 

33 

from a single EOS model are compared with experimental data in Figures 3-11 and 3-12. The 

match for the water content in the C2-rich phase is quite good; however, the prediction of C2-in-

water composition is extremely small and not physical. 

3.1.4 Water-C3 

Table 3-4 Component Properties for the Water-C3 Binary System 

Component Pc(psia) Tc(
oF) vc(ft

3/lb-mol) MW ω 

C3 615.758 205.97 3.252 44.097 0.152 

H2O 3197.838 705.47 0.897 18.015 0.344 

Phase equilibrium calculations for a water-C3 binary system are performed at temperature 

from 54 oF to 212 oF and pressure to 3000 psia. The component properties input can be found in 

Table 3-4. Calculated phase compositions at equilibrium for both C3-rich and water phases are 

compared to laboratory measured data from Kobayashi and Katz (1953) in Figures 3-13 and 3-14. 

Our algorithm gives an excellent match with experimental data for both water-in-C3 and C3-in-

water contents. The water content in the C3-rich phase predicted by a single EOS model also 

matches well with the experimental values as shown in Figure 3-15. However, similar to other 

binary systems investigated, the calculated C3-in-water composition is smaller in orders of 

magnitudes. 

3.2 Water-containing Multicomponent Systems 

Laboratory observation has demonstrated multiphase behavior including oil, gas and a 

second solvent-rich liquid phase during low-temperature CO2 or rich gas flooding (Huang and 

Tracht, 1974; Shelton and Yarborough, 1977; Metcalfe and Yarborough, 1979; Orr and Jensen, 

1984; Turek et al., 1988; Khan et al., 1992). Considering that water exists universally in a reservoir, 

either initially in place or as an injected fluid, up to four phases can potentially coexist at 
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Figure 3-13 Predicted Water Content in the C3-rich Phase for the Water-C3 Binary System from 

this Work 

 

Figure 3-14 Predicted C3 Solubility in the Water Phase for the Water-C3 Binary System from 

this Work 
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Figure 3-15 Predicted Water Content in the C3-rich Phase for the Water-C3 Binary System from 

a Single EOS Model 

equilibrium. In this section, equilibria for multiple hydrocarbon phases are calculated using the 

algorithm developed in this thesis with water vaporization and solvent/hydrocarbon solubility 

considered. 

3.2.1 16-Component Water-CO2-Oil Mixture 

A three-phase flash calculation case taken from CMG-Winprop templates is investigated. 

Winprop is an equation of state multiphase equilibrium and properties determination program 

developed by Computer Modelling Group (CMG) Ltd. (Winprop, 2014) and its results are always 

considered as industrial references. The original mixture contains 14 hydrocarbons and CO2. 10% 

water is added to the system and the compositions of other components are normalized. This case 

was studied by Wei (2015) and the PR EOS was used to model all the phases including water. An 

excellent match with Winprop’s results was achieved by a single EOS model. However, the 

predicted solubility of light hydrocarbons and CO2 in water is very small. Here, we recalculate 
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phase equilibria of this system using the algorithm developed in this thesis. The PR EOS is applied 

to compute the component fugacities in the hydrocarbon phases and Henry’s law constants are 

used to calculate the fugacities of solutes in water. Input data for component properties, 

compositions and binary interaction coefficients can be found in Tables 3-5 and 3-6. The phase 

equilibria are computed at 94oF and pressure between 1,100 psia and 1,200 psia. The calculated 

phase mole fractions are shown in Figure 3-16 and compared with the results obtained from a 

single EOS model as Wei (2015) developed. Both models give the same changes in phase behavior 

as pressure increases. A CO2-rich liquid phase is formed at 1,160 psia and four phases are at 

equilibrium. When the pressure keeps increasing, the amount of the gas phase decreases and it 

vanishes at 1,185 psia. The mole fraction of the water phase does not change and the oil phase first 

grows and then begins to shrink slowly after the CO2-rich liquid appears. The single EOS predicts 

slightly higher mole fractions of the gas and CO2-rich liquid, and a lower amount of the water 

phase than our algorithm does. Since the calculated values of gas solubility in water from a single 

EOS are always low, more light components, CO2 and N2 remain in the hydrocarbon phases 

compared to the results from Henry’s law. Figure 3-17 shows the predicted CO2, N2 and 

hydrocarbon compositions in the water phase. The composition of dissolved gas in water 

calculated from a single EOS model is smaller by 2 orders of magnitude that our algorithm does. 

In contrast, the differences in the calculated water composition in the oil, gas and CO2-rich liquid 

phases are smaller. As shown in Figure 3-18, our algorithm predicts slightly larger amounts of 

water in all the other phases. The difference in the oil phase is around 25% and less than 10% for 

the gas and CO2-rich liquid phases. However, the absolute values of the difference are negligible. 
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Table 3-5 Component properties and overall composition for the sixteen-component water-CO2-

hydrocarbon mixture 

Comp 
Pc 

(psia) 

Tc 

 (oF) 

vc  
(ft3/lbmol) 

MW ω 
zi 

Water-in 

zi 

Water-Free 

CO2 1069.87 87.89 1.5058 44.01 0.225 0.71055 0.7895 

N2 492.31 -232.51 1.4337 28.013 0.04 0.0009 0.001 

C1 667.2 -116.59 1.5859 16.043 0.008 0.030915 0.03435 

C2 708.35 -90.05 2.3708 30.07 0.098 0.007641 0.00849 

C3 615.76 205.97 3.2518 44.097 0.152 0.005634 0.00626 

iC4 529.05 274.91 4.2129 58.124 0.176 0.000684 0.00076 

nC4 551.1 305.69 4.0848 58.124 0.193 0.006237 0.00693 

iC5 490.85 369.05 4.9017 72.151 0.227 0.002997 0.00333 

nC5 489.37 385.61 4.8697 72.151 0.251 0.004077 0.00453 

nC6 430.59 453.65 5.9269 86.178 0.296 0.0063 0.007 

C7-C11 393.85 598.73 6.1031 121.77 0.36958 0.049599 0.05511 

C12-C16 289.31 798.584 10.0277 191.8 0.54918 0.029799 0.03311 

C17-C22 217.76 927.14 14.1606 267.75 0.6958 0.020448 0.02272 

C23-C29 168.77 1046.41 18.7419 357.38 0.95945 0.01233 0.0137 

C30+ 111.94 1260.82 22.4839 549.6 1.2843 0.011889 0.01321 

H2O 3197.84 705.47 0.8971 18.015 0.344 0.1 0.0 
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Table 3-6 Binary interaction parameters for the sixteen-component water-CO2-hydrocarbon 

mixture 

 CO2 N2 C1 C2 C3 iC4 nC4 iC5 nC5 nC6 
C7-

C11 

C12-

C16 

C17-

C22 

C23-

C29 
C30+ H2O 

CO2 0.0 -0.02 0.1 0.13 0.135 0.13 0.13 0.125 0.125 0.125 0.12 0.12 0.12 0.12 0.12 0.2 

N2 -0.02 0.0 0.1 0.042 0.091 0.095 0.095 0.095 0.095 0.1 0.1 0.1 0.1 0.1 0.1 0.275 

C1 0.1 0.1 0.0 0.002 0.007 0.013 0.012 0.017 0.017 0.024 0.025 0.045 0.063 0.079 0.09 0.491 

C2 0.13 0.042 0.002 0.0 0.001 0.005 0.004 0.007 0.007 0.012 0.012 0.028 0.043 0.057 0.066 0.491 

C3 0.135 0.091 0.007 0.001 0.0 0.001 0.001 0.002 0.002 0.005 0.005 0.017 0.029 0.041 0.05 0.547 

iC4 0.13 0.095 0.013 0.005 0.001 0.0 0.0 0.0 0.0 0.002 0.002 0.01 0.02 0.03 0.038 0.508 

nC4 0.13 0.095 0.012 0.004 0.001 0.0 0.0 0.0 0.0 0.002 0.002 0.011 0.021 0.031 0.039 0.508 

iC5 0.125 0.095 0.017 0.007 0.002 0.0 0.0 0.0 0.0 0.001 0.001 0.007 0.015 0.024 0.031 0.5 

nC5 0.125 0.095 0.017 0.007 0.002 0.0 0.0 0.0 0.0 0.001 0.001 0.007 0.016 0.025 0.032 0.5 

nC6 0.125 0.1 0.024 0.012 0.005 0.002 0.002 0.001 0.001 0.0 0.0 0.004 0.01 0.018 0.024 0.45 

C7-C11 0.12 0.1 0.025 0.012 0.005 0.002 0.002 0.001 0.001 0.0 0.0 0.003 0.01 0.017 0.023 0.0 

C12-C16 0.12 0.1 0.045 0.028 0.017 0.01 0.011 0.007 0.007 0.004 0.003 0.0 0.002 0.005 0.009 0.0 

C17-C22 0.12 0.1 0.063 0.043 0.029 0.02 0.021 0.015 0.016 0.01 0.01 0.002 0.0 0.001 0.003 0.0 

C23-C29 0.12 0.1 0.079 0.057 0.041 0.03 0.031 0.024 0.025 0.018 0.017 0.005 0.001 0.0 0.0 0.0 

C30+ 0.12 0.1 0.09 0.066 0.05 0.038 0.039 0.031 0.032 0.024 0.023 0.009 0.003 0.0 0.0 0.0 

H2O 0.2 0.275 0.491 0.491 0.547 0.508 0.508 0.5 0.5 0.45 0.0 0.0 0.0 0.0 0.0 0.0 
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Figure 3-16 Predicted Phase Distribution for the 16-Component Water-CO2-Oil Mixture 

 

Figure 3-17 Predicted CO2, N2 and Hydrocarbon Compositions in the Water Phase for the 16-

Component Water-CO2-Oil Mixture 
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Figure 3-18 Predicted Water Compositions in the Oil, Gas and Solvent-rich Liquid Phases for 

the 16-component Water-CO2- Oil Mixture 

Our algorithm is compared with Winprop in the prediction of complex phase equilibria. 

For the Winprop setting, Li-Nghiem’s method is specified for the aqueous phase in the component 

selection/properties and an oil-gas-water (OGW) flash is selected from the drawdown box of flash 

type in the OGW/EOS multiphase flash to ensure that the same thermodynamic models are used 

in both programs. Tables 3-7, 3-8 and 3-9 present the calculated phase mole fractions and 

compositions at the pressures of 1100 psia, 1170 psia and 1200 psia, respectively. They show that 

the agreements on the predicted phase equilibria calculated from our algorithm and Winprop are 

excellent at 1,100 psia and 1,200 psia which correspond to the liquid-vapor and liquid-liquid 

equilibria. However, at 1,170 psia, Winprop exhibits the limitation in handling both multi-phases 

and water. Only three-phase oil-gas-water equilibrium is obtained when four-phase equilibrium is 



 

41 

expected. The incorrect number of phases makes the prediction of phase amounts and phase 

compositions by Winprop invalid since the minimization of Gibbs free energy is not satisfied. 

Table 3-7 Predicted Phase Mole Fractions and Compositions at 94 oF and 1,100 psia for the for 

the 16-Component Water-CO2- Oil Mixture 

 
Oil 

Mole % 

Gas 

Mole % 

CO2-rich Liquid 

Mole % 

Water 

 Mole % 

 
This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

Phase 40.8085 40.7978 49.6661 49.6698 0.0 0.0 9.5254 9.5324 

CO2 60.7731 60.77341 92.69617 92.69735 0.0 0.0 2.26597 2.28902 

N2 0.03168 0.03168 0.15515 0.15514 0.0 0.0 0.00018 0.00017 

C1 1.84189 1.84201 4.70953 4.70947 0.0 0.0 0.00852 0.00856 

C2 0.83918 0.83930 0.84877 0.84878 0.0 0.0 0.00099 0.00100 

C3 0.84498 0.84515 0.44005 0.44005 0.0 0.0 0.00023 0.00024 

iC4 0.11925 0.11928 0.03973 0.03973 0.0 0.0 0.00001 0.00001 

nC4 1.14716 1.14742 0.31320 0.31320 0.0 0.0 0.00010 0.00010 

iC5 0.60749 0.60764 0.10428 0.10428 0.0 0.0 0.00001 0.00001 

nC5 0.84645 0.84666 0.12539 0.12539 0.0 0.0 0.00001 0.00001 

nC6 1.40301 1.40337 0.11568 0.11567 0.0 0.0 0.0 0.0 

C7-C11 11.8441 11.84716 0.25465 0.25471 0.0 0.0 0.0 0.0 

C12-C16 7.28840 7.29030 0.01130 0.01131 0.0 0.0 0.0 0.0 

C17-C22 5.00954 5.01085 0.00097 0.00097 0.0 0.0 0.0 0.0 

C23-C29 3.02140 3.02219 0.00002 0.00002 0.0 0.0 0.0 0.0 

C30+ 2.91337 2.91413 0.0 0.0 0.0 0.0 0.0 0.0 

H2O 1.46889 1.45943 0.18511 0.18393 0.0 0.0 97.72396 97.70087 
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Table 3-8 Predicted Phase Mole Fractions and Compositions at 94 oF and 1,170 psia for the for 

the 16-Component Water-CO2- Oil Mixture 

 
Oil 

Mole % 

Gas 

Mole % 

CO2-rich Liquid 

Mole % 

Water 

Mole % 

 
This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

Phase 40.8629 41.6144 27.2729 48.8764 22.3666 0.0 9.4975 9.5092 

CO2 61.66072 61.87410 92.08678 92.24515 91.77182 0.0  2.29137  2.31741 

N2 0.04488  0.04342  0.17139  0.14713  0.11130 0.0  0.00026  0.00023 

C1 2.27932  2.23021  4.90735  4.42428  3.66941 0.0  0.01054  0.01035 

C2 0.86113  0.85714  0.84729  0.83335  0.80942 0.0  0.00102  0.00102 

C3 0.79721  0.80049  0.45091  0.47110  0.51254 0.0  0.00022  0.00022 

iC4 0.10870  0.10959  0.04279  0.04664  0.05504 0.0  0.00001  0.00001 

nC4 1.03828  1.04888  0.34521  0.38302  0.47067 0.0  0.00009  0.00010 

iC5 0.54437  0.55101  0.12436  0.14403  0.19377 0.0  0.00001  0.00001 

nC5 0.75889  0.76847  0.15336  0.17985  0.24934 0.0  0.00001  0.00001 

nC6 1.27040  1.28450  0.15889  0.19532  0.30198 0.0 0.0 0.0 

C7-C11 11.11950 11.17671  0.46081  0.63176  1.29868 0.0 0.0 0.0 

C12-C16 7.16099  7.09263  0.03444  0.05800  0.19815 0.0 0.0 0.0 

C17-C22 4.97552  4.90284  0.00456  0.00923  0.04656 0.0 0.0 0.0 

C23-C29 3.01444  2.96228  0.00020  0.00055  0.00517 0.0 0.0 0.0 

C30+  2.90929  2.85693  0.00000  0.00001  0.00034 0.0 0.0 0.0 

H2O  1.45636  1.44080  0.21166  0.23059  0.30581 0.0 97.69645 97.67062 
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Table 3-9 Predicted Phase Mole Fractions and Compositions at 94 oF and 1,200 psia for the for 

the 16-Component Water-CO2- Oil Mixture 

 
Oil 

Mole % 

Gas 

Mole % 

2nd Liquid 

Mole % 

Water 

Mole % 

 
This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

Phase 39.4251 39.4156 0.0 0.0 51.0928 51.0950 9.4821 9.4894 

CO2 61.33951 61.34029 0.0 0.0 91.31363 91.31583  2.29001  2.31332 

N2  0.05525  0.05524 0.0 0.0  0.13346  0.13347  0.00032  0.00030 

C1  2.56847  2.56851 0.0 0.0  4.06661  4.06687  0.01192  0.01198 

C2  0.87495  0.87506 0.0 0.0  0.82018  0.82022  0.00104  0.00105 

C3  0.77732  0.77748 0.0 0.0  0.50285  0.50285  0.00022  0.00022 

iC4  0.10426  0.10429 0.0 0.0  0.05342  0.05342  0.00001  0.00001 

nC4  0.99079  0.99103 0.0 0.0  0.45617  0.45615  0.00009  0.00009 

iC5  0.51661  0.51675 0.0 0.0  0.18794  0.18792  0.00001  0.00001 

nC5  0.72001  0.72020 0.0 0.0  0.24237  0.24235  0.00001  0.00001 

nC6  1.21260  1.21294 0.0 0.0  0.29737  0.29731 0.0 0.0 

C7-C11 10.84915 10.85195 0.0 0.0  1.33603  1.33583 0.0 0.0 

C12-C16  7.27461  7.27647 0.0 0.0  0.21898  0.21889 0.0 0.0 

C17-C22  5.11769  5.11896 0.0 0.0  0.05314  0.05310 0.0 0.0 

C23-C29  3.11948  3.12024 0.0 0.0  0.00615  0.00614 0.0 0.0 

C30+  3.01504  3.01577 0.0 0.0  0.00043  0.00043 0.0 0.0 

H2O  1.46426  1.45482 0.0 0.0  0.31127  0.30921 97.69637 99.97989 
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Figure 3-19 Comparisons of 3-Phase Water-free and 4-Phase Water-in Equilibrium Calculations 

for the 16-component Water-CO2-Oil Mixture 

To investigate the effect of water on the phase behavior of hydrocarbon phases, water-free 

equilibrium calculations are carried out in the same pressure range. For comparison, the water-free 

calculation results are plotted in Figure 3-19 with normalized phase mole fractions obtained from 

4-phase water-in calculations. The phase mole fractions are normalized by 

𝛽𝑗 =
𝛽𝑗

1 − 𝛽𝑤
,         𝑗 = 𝑜, 𝑔, 𝑙 

It is observed that the water-free calculation obtains larger mole fractions of gas and the CO2-rich 

liquid phase in the two-phase region since these two phases majorly consist of CO2 and a certain 

amount of CO2 is predicted dissolving in water by water-in calculations. The three-phase region 

predicted by the water-free equilibrium calculation is narrower than that from the four-phase 

calculation. The CO2-rich liquid first appears at 1,165 psia, and the pressures at which the gas 
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phase disappears are the same for both calculations. In addition to forming the water phase, the 

existence of the water component in the system also expands the pressure range of the liquid-

liquid-vapor equilibrium. Similar observation was presented by Wei (2015). However, the single 

EOS model does not represent the water phase properly. It is difficult to judge the reliability of his 

four-phase water-in calculation results. 

3.2.2 12-Component Water-CO2-Wasson Oil Mixture 

Multiphase behavior for a recombined oil (dead oil + 312 SCF/BBL gas) from the Wasson 

field originally described by Orr and Jensen (1984) is investigated. The fluid characterization 

represented by 10 hydrocarbon components is taken from Nghiem and Li (1986) and it was 

reported that these components are adequate to predict important features including liquid-vapor, 

liquid-liquid-vapor and liquid-liquid equilibria shown in an experimental phase diagram. 85% CO2 

is first introduced into the system and the originally characterized hydrocarbon compositions are 

normalized accordingly. 20% water is then added to the CO2-crude oil system and another 

normalization is performed. The component properties, feed compositions and binary interaction 

coefficients are listed in Table 3-10. Multiphase equilibrium calculations are carried out at 90 oF 

and pressure from 1,050 psia to 1,150 psia. The PR EOS is used to represent hydrocarbon phases 

and Henry’s law is used for the water phase. 

The predicted phase mole fractions are presented in Figure 3-20, together with the results 

obtained from a single EOS model that uses the PR EOS for both the hydrocarbon and water 

phases. Both results exhibit the same phase transition that starts from liquid-vapor-water 

equilibrium, then passes through the liquid-liquid-vapor-water zone and finally switches to liquid-

liquid-water equilibrium. The CO2-rich liquid phase first appears at 1,077.5 psia where the gas 

phase begins to diminish. The amount of the CO2-rich liquid phase keeps increasing and the 

amounts of the oil and gas phases decrease as pressure increases. The gas phase mole fraction  
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Table 3-10 Component Properties, Feed Compositions and Binary Interaction Coefficient for 12-

Component Water-CO2-Wasson Oil Mixture 

Component Properties and Feed Compositions 

Comp 
Pc 

(psia) 

Tc 

(oF) 

vc 

(ft3/lb-mol) 
MW ω 

zi 

Original 

zi 

CO2-in 

zi 

Water-in 

C1 667.1960 -116.59 1.585855 16.043 0.008 0.2151 0.032265 0.025812 

C2 708.3447 90.05 2.370773 30.07 0.098 0.0746 0.01119 0.008952 

C3 615.7603 205.97 3.251803 44.097 0.152 0.0611 0.009165 0.007332 

C4 551.0981 305.69 4.084778 58.124 0.193 0.0242 0.00363 0.002904 

C5 489.3751 385.61 4.869696 72.151 0.251 0.0343 0.005145 0.004116 

C6 477.0305 453.83 5.510445 86.178 0.2637 0.0336 0.00504 0.004032 

C7-13 384.5930 632.03 7.833163 125.96 0.3912 0.3 0.045 0.036 

C14-20 248.2146 872.33 13.64796 227.86 0.63 0.1066 0.01599 0.012792 

C21-28 181.3480 1022.8

1 
18.91813 325.56 0.8804 0.0552 0.00828 0.006624 

C29+ 116.9798 1206.9

5 
28.22501 484.7 1.2457 0.0953 0.014295 0.011436 

CO2 1069.865 87.89 1.505761 44.01 0.2250 0.0 0.85 0.68 

H2O 3197.84 705.47 0.8971 18.015 0.344 0.0 0.0 0.2 

Binary interaction coefficients: 

 C1 C2 C3 C4 C5 C6 C7-13 C14-20 C21-28 C29+ CO2 H2O 

C1 0.0 0.003 0.009 0.015 0.021 0.025 0.041 0.073 0.095 0.125 0.103 0.4907 

C2 0.003 0.0 0.002 0.005 0.009 0.012 0.023 0.049 0.068 0.095 0.13 0.4911 

C3 0.009 0.002 0.0 0.001 0.003 0.005 0.013 0.033 0.05 0.073 0.135 0.5469 

C4 0.015 0.005 0.001 0.0 0.001 0.001 0.007 0.024 0.038 0.059 0.13 0.508 

C5 0.021 0.009 0.003 0.001 0.0 0.0 0.004 0.017 0.03 0.049 0.125 0.5 

C6 0.025 0.012 0.005 0.001 0.0 0.0 0.002 0.014 0.025 0.043 0.125 0.45 

C7-13 0.041 0.023 0.013 0.07 0.004 0.002 0.0 0.005 0.013 0.027 0.13 0.45 

C14-20 0.073 0.049 0.033 0.024 0.017 0.014 0.005 0.0 0.002 0.009 0.13 0.45 

C21-28 0.095 0.068 0.05 0.038 0.03 0.025 0.013 0.002 0.0 0.003 0.13 0.45 

C29+ 0.125 0.095 0.073 0.059 0.049 0.043 0.027 0.009 0.003 0.0 0.13 0.45 

CO2 0.103 0.13 0.135 0.13 0.125 0.125 0.13 0.13 0.13 0.13 0.0 0.2 

H2O 0.4907 0.4911 0.5469 0.508 0.5 0.45 0.45 0.45 0.45 0.45 0.2 0.0 
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Figure 3-20 Predicted Phase Distribution for the 12-Component Water-CO2-Wasson Oil Mixture 

shrinks more substantially than the oil phase does while the water phase is almost identical over 

the entire pressure range. The gas phase finally disappears at 1,122.5 psia and the oil, CO2-rich 

liquid and water remain at equilibrium. Mole fractions of the gas and CO2-rich liquid phases 

calculated from a single EOS model are slightly higher than the prediction made by this work 

while the amount of the predicted water phase is less because the dissolved hydrocarbons and CO2 

calculated from the EOS are much smaller than those obtained from Henry’s law. As shown in 

Figure 3-20, the calculated CO2 content in water from a single EOS is smaller by 2 orders of 

magnitudes and C1 composition in water is smaller by 3 orders of magnitudes compared to the 

values estimated by the algorithm developed in this work while the predicted compositions for C2, 

C3, C4 and C5 using a single EOS model are all less than 1.0E-08. The predicted water compositions 

in the oil, gas and CO2-rich liquid phases are depicted in Figure 3-21. The water vaporization  
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Figure 3-21 Predicted Hydrocarbon and CO2 Compositions in the Water Phase for the 12-

Component Water-CO2-Wasson Oil Mixture 

 

Figure 3-22 Predicted Water Compositions in the Oil, Gas and CO2-rich Liquid Phases for the 

12-Component Water-CO2-Wasson Oil Mixture 
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calculated from this work is slightly larger than that predicted by a single EOS model by less than 

15%. 

Our results are compared to the calculation results from Winprop in Tables 3-11, 3-12 and 

3-13 for the phase mole fractions and compositions predicted at 1,050 psia, 1,100 psia and 1150 

psia, respectively. They show that our results match very well with Winprop on the predicted phase 

equilibria calculated at 1,050 psia and 1,150 psia which correspond to liquid-vapor and liquid-

liquid equilibria. However, only three-phase oil-gas-water equilibrium is obtained by Winprop at 

1,100 psia but the phase diagram depicts three hydrocarbon equilibrium phases at this point 

(Nghiem and Li, 1986). 

 

Figure 3-23 Comparisons of 3-Phase Water-free and 4-Phase Water-in Equilibrium Calculations 

for the 16-Component Water-CO2-Wasson Oil Mixture 

Three-phase water-free calculations are also performed to investigate the effect of water 

existence on phase behavior. As shown in Figure 3-23, the phase separation predicted by the three-

phase water-free calculation enters the multiple-hydrocarbon liquid-liquid-vapor region at 1,082.5 
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psia which is 5 psia higher than that obtained from four-phase water-in calculations and the oil 

phase mole fraction from the 3-phase calculation is also slightly higher. It is indicated that the 

interaction between water and hydrocarbon/CO2 components and dissolved hydrocarbon/CO2 in 

the water phase can shift the multiple phase boundary to a lower pressure. 

Table 3-11 Predicted Phase Mole Fractions and Compositions at 90 oF and 1,050 psia for the for 

the Water-CO2-Wasson Oil Mixture 

 
Oil 

Mole % 

Gas 

Mole % 

CO2-rich Liquid, 

Mole % 

Water 

Mole % 

 
This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

Phase 19.4295 19.4163 60.2133 60.2192 0.0 0.0 20.3645 20.3572 

C1 1.39977 1.3998 3.83274 3.83265 0.0 0.0 0.00693 0.00697 

C2 1.06939 1.06917 1.14119 1.14137 0.0 0.0 0.00136 0.00137 

C3 1.42244 1.42188 0.75854 0.75896 0.0 0.0 0.00042 0.00042 

C4 0.81062 0.81040 0.22069 0.22093 0.0 0.0 0.00008 0.00004 

C5 1.46716 1.46677 0.21014 0.21058 0.0 0.0 0.00002 0.0 

C6 1.64637 1.64736 0.13837 0.1384 0.0 0.0 0.0 0.0 

C7-13 17.82977 17.84176 0.22547 0.22549 0.0 0.0 0.0 0.0 

C14-20 6.57701 6.58149 0.00219 0.00219 0.0 0.0 0.0 0.0 

C19-28 3.40914 3.41146 0.00003 0.00003 0.0 0.0 0.0 0.0 

C29 5.88589 5.88989 0.0 0.0 0.0 0.0 0.0 0.0 

CO2 58.36588 58.34426 93.30545 93.30529 0.0 0.0 2.34548 2.37676 

H2O 0.11656 0.11575 0.16519 0.16411 0.0 0.0 97.64571 97.61444 
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Table 3-12 Predicted Phase Mole Fractions and Compositions at 90 oF and 1,100 psia for the for 

the Water-CO2-Wasson Oil Mixture 

 
Oil 

Mole % 

Gas 

Mole % 

CO2-rich Liquid  

Mole % 

Water 

Mole % 

 
This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

Phase 17.435 19.3794 29.2215 60.2628 33.0177 0.0 20.3258 20.3578 

C1 1.79767 1.62139 4.51264 3.7591 2.86902 0.0 0.009 0.00808 

C2 1.10435 1.08973 1.17086 1.13458 1.09100 0.0 0.00143 0.0014 

C3 1.29521 1.34936 0.72898 0.78261 0.89129 0.0 0.00038 0.0004 

C4 0.67857 0.73786 0.20770 0.24459 0.33735 0.0 0.00006 0.00004 

C5 1.19116 1.32155 0.20420 0.25802 0.43688 0.0 0.00002 0.0 

C6 1.35549 1.50137 0.14268 0.18626 0.37912 0.0 0.0 0.0 

C7-13 16.84523 17.23125 0.31341 0.43258 1.73073 0.0 0.0 0.0 

C14-20 7.11798 6.57562 0.00487 0.0081 0.11132 0.0 0.0 0.0 

C19-28 3.78025 3.41733 0.00011 0.00023 0.00994 0.0 0.0 0.0 

C29 6.55672 5.90109 0.0 0.00001 0.00131 0.0 0.0 0.0 

CO2 58.16315 59.13721 92.54035 93.00947 91.88246 0.0 2.3619 2.40413 

H2O 0.11421 0.11625 0.17422 0.18444 0.25958 0.0 97.62716 97.58595 
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Table 3-13 Predicted Phase Mole Fractions and Compositions at 90 oF and 1,150 psia for the for 

the Water-CO2-Wasson Oil Mixture 

 
Oil 

Mole % 

Gas 

Mole % 

2nd Liquid 

Mole % 

Water 

Mole % 

 
This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

This 

Work 
WinProp 

Phase 15.8317 15.8216 0.0 0.0 63.8693 63.8716 20.2990 20.3068 

C1 2.19385 2.19386 0.0 0.0 3.49405 3.49425 0.0111 0.01115 

C2 1.12999 1.12986 0.0 0.0 1.12104 1.12121 0.00148 0.00149 

C3 1.22026 1.21925 0.0 0.0 0.84538 0.84579 0.00037 0.00037 

C4 0.60632 0.60585 0.0 0.0 0.30437 0.30458 0.00006 0.00003 

C5 1.04095 1.03945 0.0 0.0 0.38641 0.38694 0.00002 0.0 

C6 1.18781 1.18859 0.0 0.0 0.33686 0.33684 0.0 0.0 

C7-13 16.00364 16.01549 0.0 0.0 1.66960 1.66912 0.0 0.0 

C14-20 7.59787 7.60366 0.0 0.0 0.11951 0.11927 0.0 0.0 

C19-28 4.14057 4.14349 0.0 0.0 0.01077 0.0107 0.0 0.0 

C29 7.21801 7.22263 0.0 0.0 0.00136 0.00135 0.0 0.0 

CO2 57.54902 57.52693 0.0 0.0 91.45114 91.45217 2.36366 2.3952 

H2O 0.11171 0.11092 0.0 0.0 0.25951 0.25778 97.62333 97.59176 
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Chapter Four: Conclusions and Recommendations for Future Research 

4.1 Conclusions 

In this thesis, a robust multiphase equilibrium calculation algorithm has been developed to 

model water-hydrocarbon mutual solubility and complex multiphase behavior of a CO2/rich gas 

and crude oil mixture simultaneously. This algorithm sequentially applies phase stability tests and 

phase split calculations to ensure that the calculated equilibrium system satisfies the conditions of 

material balance and the second law of thermodynamics simultaneously. The water and 

hydrocarbon phases are computed differently by proper thermodynamic models: A cubic EOS is 

used to calculate the component fugacities in the hydrocarbon phases and the water phase is 

modeled by Henry’s law. 

The calculation results have been validated by both experimental measurements and 

commercial software. Excellent matches have been achieved for our calculation results compared 

to experimental data for various binary systems including water-CO2, water-C1, water-C2 and 

water-C3 under reservoir conditions. In the liquid-vapor-water and liquid-liquid-water regions, 

very good agreements of the results obtained from our algorithm and Winprop are achieved as 

well. In addition, our algorithm is able to predict the three hydrocarbon phase region which is the 

limitation of the existing commercial software. 

The effect of the existence of water in the phase equilibrium calculation is also investigated. 

The introduction of the water component in the multiphase equilibrium calculation can shift and/or 

expand the pressure range for the three-phase liquid-liquid-vapor region due to the complex 

interaction between water and hydrocarbon/CO2/N2. It is observed that the substantial amount of 

dissolved gas in water can also result in the smaller mole fractions of gas and the solvent-rich 

liquid phase existing in the system for a rigorous water-in equilibrium calculation. 
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4.2 Recommendations for Future Research 

The algorithm in this thesis can be implemented in a four-phase compositional simulator 

to study the effect of multiphase behavior phenomena and/or water-hydrocarbon mutual solubility 

on the production of gas and water-alternating-gas injection processes. 

Asphaltene precipitation is an important problem in oil and gas production and up to five 

equilibrium phases can coexist. The calculations of equilibria including a solid phase can use the 

same workflow as presented in this thesis. However, suitable thermodynamic models for the solid 

phase should be selected for calculations. 

Experiments of multiphase equilibria including the water, hydrocarbon and solvent-rich 

phases should be conducted to obtain accurate data that can help validating our calculation results 

of a system of multiple hydrocarbon phases and water.  
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