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ABSTRACT 

With the development of petroleum science and technology, a systematic 

understanding of the fundamental phase behaviours of petroleum fluids in 

bulk volume has been well established. However, the effect of porous media 

on the phase behaviours of reservoir fluids has always been considered a 

deep and complicated research topic that has attracted the attention of many 

scholars worldwide.  

During the production process, with the change of pressure and 

temperature, the phase behaviours of reservoir fluids are then changed. 

Strictly speaking, the process of phase equilibrium occurs in the porous media 

of formation, and the effect of porous media cannot be neglected. In tight 

reservoirs, the fluid molecules keep close to the surface of the porous media 

and certain interactions exist between the fluids and reservoir media. Due to 

the fine particles, small pore radii, complicated pore structures, and large 

specific surfaces of the porous media, there always exists a large variety of 

surfaces between reservoir fluids and reservoir media. Thus, the surface 

phenomena are extremely prominent. The molecules on the surface of the 

media will attract the molecules of fluids as the result of molecular force and 

this process is presented as adsorption. Meanwhile, surface tension, 

wettability, and capillary pressure will strongly affect the phase behaviour of 

reservoir fluids. 

Adsorption of the gas phase on porous media is investigated as specific 

phase equilibrium in the thesis. Potential theory is introduced to study the 

adsorption of a pure gas component, which takes the advantage of prediction 

adsorption behaviours. It not only extends the adsorption isotherms from the 
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lab temperature to other temperatures, but it also predicts the adsorption 

isotherms of a pure gas component based on the data of a different gas 

component. 

The Flory-Huggins Vacancy Solution Model (FHVSM) is introduced to 

study the adsorption behaviours of a gas mixture. Unlike other models, this 

theory gives new ideals about treating the adsorption sites on a media surface 

as a solution and an additional component that is then engaged in the phase 

equilibrium, so that it could explain the competitive adsorption phenomenon, 

which is proved during the adsorption process of gas mixture. Thus, except for 

precision predications of desorption for the depletion process, it could give 

simulations for some other production operations, such as CO2 or N2 injection 

for the replacement of hydrocarbons. The results also reveal that the FHVSM 

method shows a high degree of precision, which gives better predictions than 

the commonly used models for gas mixtures, such as the Langmuir model and 

multi-component potential model.  

The effect of capillary pressure on phase behaviour is then studied in this 

thesis. Usually, the fluid PVT properties are obtained from a large cell where 

no capillary pressure exists. The model is established by introducing a 

difference of gas pressure and oil pressure equal capillary pressure during 

dynamic phase equilibrium. This study shows the results of different phase 

equilibrium cases by applying the model to a retrograde condensate gas 

sample with consideration of the effect of surface tension, wettability, and 

capillary radius during the general PVT analysis process. The results reveal 

that the impact of capillary pressure on phase equilibrium is remarkable 

especially when the pore radius is in nanoscale.  
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CHAPTER 1  

INTRODUCTION 

1.1 Phase Behaviour Study of Petroleum Fluids 

Substantial researches have contributed great knowledge about the 

phase properties of petroleum reservoir fluids over the last several decades. 

The term ―phase” is defined as any homogeneous and physically distinct part 

of a system that is separated from other parts of the system by surface 

boundaries. Generally speaking, the study of phase behaviour mainly focuses 

on the properties of the fluids in the conditions of pressure and temperature for 

which different phases can exist (McCain, 1990).  

In the early stage of exploitation, phase behaviour 

(pressure-volume-temperature, or PVT) analyses are always applied to the 

representative fluid samples from the reservoirs. The results of phase 

behaviour (PVT) analyses support the later work, including reservoir 

engineering, production design, and facility optimization. Thus, the study of 

phase behaviour (PVT) is of great importance, which is considered the 

fundamental information of reservoirs.  

During the phase behaviour (PVT) analyses, phase behaviours at real 

reservoir pressure and temperature are examined and composition changes 

are then observed through the life of the reservoir by changing the pressure 

and temperature. By understanding the physical and chemical properties of 

the reservoir fluids, diverse experiments are designed to observe the phase 

behaviour of the fluid system. The common experimental PVT studies may 

include a fluids composition test, constant composition expansion (CCE), 
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constant volume depletion (CVD), differential liberation (DL), a separator test, 

a viscosity test, an adsorption/desorption test, etc. 

With the application of several well-developed equations and correlations 

analyzed from laboratory results and production performances, phase 

behaviour simulation has become recently realizable on computers. 

Vapour-liquid phase equilibrium calculations are carried out based on 

equation of state (EOS) and/or activity coefficient models and mixing models 

(Walas, 1985). The phase behaviour simulation could give the prediction of 

the physical and chemical properties of every component, as well as the PVT 

behaviour of the mixture as pressure and temperature changes. The 

advantages of this computer-based phase behaviour calculation are that it 

could give continuous predictions and simulate the phase behaviours of fluids 

in a situation that is unreachable in the labs. These advantages are more 

applicable in later-stage studies and designs (i.e. fluid flow simulation and 

production simulation).    

To ensure the reliability of phase behaviour simulation, one of the 

fundamental requirements of phase behaviour simulation is the creation of an 

accurate database from the experiments so that the mixture parameters can 

be precisely matched (Smith, Abbott, & Van Ness, 1996). In addition, through 

the whole process of exploitation, fluid phase equilibrium occurs in different 

environments (i.e. in the formation, wellbore, or tank). Thus, the assumptions 

and adaptabilities of the model and correlations should be checked thoroughly 

for different situations.  
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1.2 Problem Statement 

Over the last several decades, petroleum has played an important role as 

the global main fossil resource, and it is irreplaceable in the coming three 

decades at least (U.S. Energy Information Administration [EIA], 2013). 

Generally, petroleum reservoirs could be classified into conventional and 

unconventional resources, and investigations have shown that the ratio of 

conventional and unconventional resources worldwide is about 1:4 (EIA, 

2013; Zou, Zhang, & Yang, 2013). Because of the limit of knowledge and 

technology, the whole industry focused mostly on the exploitation of 

conventional reservoirs in the last century. Recently, unconventional 

resources, including tight gas and oil and coalbed methane, have become 

more popular due to increasing demands, improved reservoir knowledge, and 

the development of sophisticated technology.   

Basically, the shift from conventional to unconventional reservoirs reflects 

a change in grain size from coarser grained rocks with higher permeability 

towards very fine grained rocks with low permeability, which is shown in Fig. 

1.1. During this change, the quality of the reservoir is reduced (Dawson 

Energy Advisors Ltd., 2013). 

As is shown in Fig 1.1, the properties of unconventional reservoirs are 

different from conventional reservoirs. In particular, their permeability is low. 

Some assumptions in the mechanism of conventional reservoirs are no longer 

applicable. For example, the effect of surface is no longer neglected in tight 

reservoirs.  

 

http://www.sciencedirect.com/science/article/pii/S0264817215000847#bib13
http://www.sciencedirect.com/science/article/pii/S0264817215000847#bib13
http://www.sciencedirect.com/science/article/pii/S0264817215000847#bib13
http://www.sciencedirect.com/science/article/pii/S0264817215000847#bib63
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(Original in color) 

Figure 1.1. The change of properties during the shift from 

conventional reservoirs to unconventional reservoirs (Dawson Energy 

Advisors Ltd., 2013). 
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In unconventional reservoirs, the fluids and porous media show more 

interactions in more complicated pressure and temperature conditions. 

Considering the surface effect of porous media on the phase behaviour of 

reservoir fluids could make the model more practical and applicable for the 

unconventional reservoirs, and thereby give a better understanding of the 

thermodynamic mechanisms of the reservoir fluids in the reservoir formation. 

This improved understanding is of great academic and economic value for 

improving the efficiency and optimization of the exploitation of unconventional 

reservoirs. 

Mostly, in the common cases, in order to simplify the practical production 

performance and to enable it to solve practical problems, the existing 

simulation model and evaluation methods are based on the assumption that 

the phase behaviours are not affected by the reservoir porous media. 

Meanwhile, phase behaviour (PVT) experiments are conducted in PVT cells 

without porous media, which means the obtained data from the experiment 

(henceforth, experimental data) ignore the impact of surface phenomena. 

However, the reservoir formation conditions have essential differences to the 

PVT cells, which are shown in Fig. 1.2.  

Strictly speaking, the process of phase equilibrium occurs in the porous 

media of formation, and the effect of porous media cannot be neglected. 

Especially in tight reservoirs, the fluid molecules keep close to the surface of 

porous media and certain interactions exist between the fluids and the 

reservoir media. Due to the fine particles, small pore radii, complicated pore 

structures, and large specific surfaces of the porous media, a large variety of 

surfaces always exist between reservoir fluids and reservoir media, and thus 
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the surface phenomena are extremely prominent. These surface phenomena, 

including adsorption, surface tension, wettability, and capillary pressure, will 

strongly affect the phase behaviour of reservoir fluids. Hence, the advanced 

study of phase behaviour for reservoir fluids with consideration of surface 

phenomena including adsorption and capillary pressure is highly appreciated.  

Meanwhile, similar to conventional phase behaviour study, models need 

to be established to simulate the complicated production mechanism, 

including depletion, pressure maintenance by gas injection, gas cycling, gas 

soaking, etc., with consideration of the surface effect. This is of great value to 

provide the prediction of oil recovery during exploitation in unconventional 

reservoirs.  
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Figure 1.2. Schematic diagram of differences between experimental 

conditions and reservoir conditions. 
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1.3 Scope and Objectives of the Study 

The objective of this study is to develop a model to describe the phase 

behaviour of reservoir fluids with consideration of the surface effect. The 

surface effects are considered from two aspects: adsorption and the capillary 

effect. From the theory of thermodynamics, this work will focus on traditional 

phase equilibrium calculations by adding new fugacity equations, which are 

applicable for adsorption and the capillary pressure effect.  

 Regarding adsorption, the thesis will provide a new model which will 

attempt to consider the dynamic equilibrium between desorption and 

adsorption. It may help researchers understand the adsorption mechanism as 

well as make better predictions on adsorption isotherms under various 

conditions. For the gas-oil phase equilibrium in capillary, the main purpose of 

this work is to provide a comprehensive simulation on the capillary effect on 

diverse PVT analyses. The work will try to match the simulation steps with the 

general PVT test steps, so that petroleum engineers can understand the effect 

of capillary pressure on the complete phase behaviour analysis procedure in a 

logical flow.  

This study aims to provide a general approach to model the complicated 

phase behaviour of reservoir fluids in the porous media accurately. It could be 

further improved to adsorbed-liquid-gas three phases equilibrium to describe 

most of the possible phase behaviours that could exist during production in 

porous media. It could also be studied by adding some general production 

processes, including depletion, pressure maintenance by gas injection, gas 

cycling, gas soaking, and replacement of natural gas by CO2/N2 injection. 
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Thus, it is of great value to help petroleum engineers understand phase 

thermodynamics during the development of the reservoirs.     

 

1.4 Organization of the Thesis 

This dissertation is presented in six chapters. Chapter 1 gives a brief 

background of the phase behaviour study. In this chapter, the common phase 

experimental method and computer-based phase simulation method are 

introduced with defects and problems, which is the starting point of this 

dissertation. Chapter 2 contains a comprehensive literature review on 

development of phase study over the last several decades. Chapters 3, 4, and 

5 are all complete entity work. Chapter 3 shows a study of the adsorption 

mechanism of the pure gas component based on potential theory, and it 

presents a method to predict adsorption isotherms of diverse pure 

components at diverse temperatures. The prediction approach of the 

adsorption isotherms of multi-component mixtures is then discussed in 

Chapter 4. The Flory-Huggins Vacancy Solution Model (FHVSM) is applied in 

this chapter to match experimental data from the literature and is then 

compared to common methods to show its precision and advantage. Chapter 

5 studies the effect of the capillary on the phase behaviour of gas-oil systems. 

The study shows the impact of capillary radius, wettability, and surface tension 

on the P-T phase diagram, constant composition expansion calculation, and 

constant volume depletion calculation. Finally, Chapter 6 draws the 

conclusions and provides recommendations.    
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CHAPTER 2  

 LITERATURE REVIEW 

2.1 Adsorption  

The term ―adsorption‖ was firstly introduced by Kayser (1881) to describe 

an enrichment of substance on the free surface, which was different to 

material absorbing in the bulk phase. However, before that, the adsorption 

phenomenon was long known. As early as 1774, Scheele mentioned the 

adsorption phenomenon in his writing. Then in 1814, Saussure conducted a 

series of systematic study on the adsorption properties of various adsorbents 

to different gases (Taylor, 1932). 

2.1.1 The basic theory of adsorption 

From the perspective of thermodynamics, adsorption can be treated as a 

special form of phase equilibrium (Ferrari et al., 2010). It can be considered 

that, at the interface area of two phases (the  phase and  phase), a 

special phase (i.e. interface phase  ) are formed. The thermodynamic 

function for the general relation of the adsorption phenomenon can be written 

as: 

0),,,, Γxxf(T,P,σ 
   ..................................................................  (2.1) 

f is a vector function, which could contain only one equation or a set of 

equations. It represents the general dependent relationship among 

temperature T , pressure P , surface tension , the composition of each 
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phase x  and x , and the surface adsorbed amount or surface excess 

amount under the adsorption equilibrium. 

The main difference between the adsorption equilibrium and general 

phase equilibrium is the existence of the interface phase. Similar to general 

phase equilibrium, simply entering independent variables into Eq. (2.1) could 

not obtain the required dependent variables. The natural properties of the 

system are also required. They could be some models or parameters that 

reflect the characteristics of the system, including the equation of state for an 

interface, surface excess function, adsorption isotherms, etc. Among these, 

adsorption isotherms are most commonly used, as they are more 

straightforward.   

2.1.2 Expression of isotherms 

In the studies of adsorption, adsorption function is commonly used as the 

way to describe the adsorption characteristics of a certain adsorbate to a 

certain adsorbent. The function expression is as follows: 

),( PTfΓ  , 

or  

),( CTfΓ   ............................................................................................. (2.2) 

In order to facilitate testing and research, usually the relationship between 

the adsorbed amount and pressure or concentration is measured at a certain 

equilibrium temperature: 

)(PfΓ  , 

or 
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)(CfΓ    ................................................................................................ (2.3) 

The above function is then called the isotherms of adsorption. To date, 

more than 15 kinds of adsorption isotherm models have been built (Foo & 

Hameed, 2010). 

2.1.3 Adsorption isotherms classification of porous media 

Different models have been developed to describe the adsorption 

phenomena of different substances (Foo & Hameed, 2010). For gas-solid or 

solid-liquid adsorption, the solid is the adsorbent, which is adsorptive, and the 

gas and liquid are the adsorbates. According to 1985 IUPAC classification, 

common adsorption isotherms can be divided into six types, as shown in Fig. 

2.1 (Balbuena & Gubbins, 1992). 
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Figure 2.1. The six types of common adsorption isotherms according to 

the 1985 IUPAC classification (Balbuena & Gubbins, 1992). 
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In the above figure, for the gas-solid adsorption system, abscissa is the 

partial pressure of gas P and the maximum point is the saturated vapour 

pressure of gas 0P . For a liquid-solid system, the abscissa will be the 

concentration C .  

Different types of adsorption isotherms reflect different surface properties 

and pore properties of the adsorbent and the different nature of adsorbate and 

adsorbent interactions (Balbuena & Gubbins, 1993). 

 

2.2 Porous Media 

A porous medium is a material containing pores or voids. The pore 

structure of the media is one of the most important factors that determines the 

surface effect nature of the fluid and media system. Bering, Dubinin, and 

Serpinsky (1966) suggested a standard to classify the pore structure based on 

its impact on the nature of the adsorption phenomena of gases and vapours 

by solids. They divided all the diverse type of pores into basic varieties, which 

were dependent on the pore size including macropores, intermediate 

(transitional) pores, and micropores.  

2.2.1 Macropores 

Macropores are large pores of which the curvature at any point of the 

surface is negligibly small. A limiting case for this type of large pores based on 

the previous standard is their smooth surfaces (i.e. nonporous crystal). The 

lower limit of the range of the pore curvature radius for macro-pores is 

            and the upper limit could be        . The specific surface   
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of the macro-pores cannot allow the existence of curvature of the surface, 

which is within the range of                   (Dubinin, 1967). The 

reason for the selection of the lower limit of curvature is that volume filling in 

such pores by the capillary condensation mechanism only happens at a 

relative pressure close to unity. Thus, in conventional adsorption the 

phenomenon has no significant difference from normal volume condensation 

corresponding to a plane meniscus. Under ordinary experimental conditions, 

these types of pores cannot be filled by the mechanism of the capillary 

condensation of vapour. It is impossible to achieve equilibrium in macro-pores 

during an experiment, and these pores only play the role of transporting and 

making the internal parts of the adsorbent easily accessible to the vapour 

molecules. 

2.2.2 Intermediate pores 

Intermediate (transitional) pores are smaller pores with a radius range 

much larger than the molecular radius of adsorbate. Conventionally, the 

radius of intermediate pores could be considered within the range        

       , with a specific surface area of                    . The lower 

limit of the radius of intermediate pores is in accordance with the applicability 

of the Kevin equation based on the thermodynamic analysis of the 

experimental data on adsorption and the capillary condensation of vapours 

(Dubinin, 1965). When the pressures are relatively high, adsorption in layers 

on the surface in these pores turns to volume filling, and this relatively high 

pressure is realizable under experimental conditions. Monolayer and 
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multilayer adsorption occur on the surface of these intermediate pores (i.e. the 

formation of successive layers).  

2.2.3 Micropores 

The dimensions of micropores are commensurable with the molecules of 

common adsorbates. The range of radii of these pores is          , and  

some of them are unreachable by the vapour molecular for steric reasons. It is 

hard to define a specific surface area for micropores and the conception of 

layer coverage loses physical significance. Due to its fine dimension, the 

entire volume of a micropore represents a space where the adsorption field 

exists, in which the potential theory (Polanyi, 1963) could be applied. 

Adsorption is realized by the mechanism of volume filling rather than the 

mechanism of surface coverage.  

In fact, one adsorbent may contain all three types of pores. Therefore, 

comprehensive descriptions of adsorption need to include the peculiarity of 

the phenomena of all varieties of pores. In practice, however, only one main 

pore variety will be developed for a certain adsorbent with consideration of the 

adsorbent structure and pressure.   

 

2.3 Adsorption Theory in Porous Media 

As the development of shale gas, coalbed gas, and tight oil/gas reservoirs 

has progressed, experiments focused on the adsorption of hydrocarbons in 

reservoir media have drawn attention from researchers and engineers in 

recent years. The main purpose of the adsorption experiment is to determine 
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the adsorption isotherms of various kinds of vapours in various types of 

reservoir porous media. This kind of experiment originates from the gas 

adsorption separation technology in the field of chemical industry. In order to 

provide an appropriate adsorbent for the gas separation process, a large 

amount of adsorption experiments need to be conducted to figure out the 

basic adsorption parameters, including the adsorption ability of the adsorbent 

to diverse vapours, the pore structure, and pore radius distribution. Therefore, 

there has been a well-developed experimental technique of vapour adsorption 

in the chemical industry. The technique was first applied in the petroleum 

industry in the coalbed gas adsorption experiment, in which the requirement of 

pressure and temperature is far higher than in the chemical industry. However, 

the experiment can only test the adsorption of vapours on powder filling or 

particle-filling media, which could not be directly applied to the experiment of 

adsorption on tight porous media as reservoir core samples.  

Over the years, the improvement of the experimental technique of 

adsorption on reservoir porous media is lacking. Only a few researchers did 

an adsorption experiment under high temperature and pressure by using sand 

and clay packs to simulate the reservoir media (Clark, 1968). Other scholars 

did an experiment by smashing the sealed coring samples and measuring the 

released vapours to test the desorption amount (Lu, 1993; Satik, 1995; 

Shapiro, 1996). The adsorbents used in these experiments had a significant 

difference on the consolidation state of the porous media in the original 

reservoir, including the rock structure, surface properties, specific surface, etc. 

This made the experimental results unreliable to reflect the actual adsorption 

characteristics of the reservoir porous media.  
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In the study of adsorption, besides the experiment, the theoretical 

research on adsorption is also important. In 1918, the first adsorption isotherm 

model was developed: the Langmuir adsorption model. The adsorption 

isotherms were then improved in many directions by matching different 

experimental observations (Foo & Hameed, 2010). Among those directions, 

the vacancy solution theory was established with the development of surface 

physics and chemistry, surface thermodynamics, statistical thermodynamics, 

and potential energy theory, which showed a significant advantage on 

precision and prediction. Table 2.1 shows the main improvements of these 

developments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 

 

Table 2.1. Common theoretical adsorption models of porous media on 

the basis of phase thermodynamics.  

Adsorption Model of 

Vapour Mixtures 

Adsorption 

Model of Pure 

Component 

Theory Basis Reference 

Ideal Adsorbed 

Solution Theory (IAS) 

Toth Model 
Adsorption 

Thermodynamics 

Ruthven (1984) 

Myers & Prausnitz 
(1965) 

Myers (1984) 

Ehrburger-Dolle (1994) 

Tvardovski & Fomkin 
(1998) 

Shapiro & Stenby (1998) 

Aranovich (1991,1992) 

Aranovich & Donohue 
(1995a, 1995b, 1997) 

Aranovich Model 
Adsorption 

Thermodynamics 

DR Model 
Polanyi Potential 

Theory  

Heterogeneous Ideal 

Adsorbed Solution 

Theory (HIAS) 

3-parameter LUD 

Model 
Adsorption 

thermodynamics  

& 

Statistical Adsorption 

Theory 

Nakahara (1986) 

Hayes & Leckie (1987) 

Moon & Tien (1988) 

Sircar (1991,1995,2006) 

Myers (1983) 

Mathias et al. (1996) 

4-parameter LUD 

Model 

DSL Model 

Real Adsorbed Solution 

Model (RASM) 

Advanced Toth 

Model 

Adsorption 

Thermodynamics 

Myers (1983) 

Gamba et al. (1989) 

Wilson Vacancy 

Solution Model 

Wilson Vacancy 

Model 

Adsorption 

Thermodynamics 

Suwanayuen & Danner 
(1980 a, 1980 b) 

Cochran, Kabel, & 
Danner (1985) 

Talu (1987) 

Dubinin (1977) 

Lucassen-Reynders 
(1972,1976) 

Flory-Huggins Vacancy 

Solution Model 

(FHVSM) 

FHVSM Model 
Adsorption 

Thermodynamics 

Duel Site Langmuir 

Model (DSL) 
DSL Model 

Statistical Adsorption 

Thermodynamics 

Sircar (1991,1995) 

Mathias et al. (1996) 

Multispace Adsorption 

Model (MASM) 
LMSAM 

Statistical Adsorption 

Thermodynamics 

Gusev et al. (1996) 

Jensen et al. (1997) 
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2.4 Gas - Oil Phase Equilibrium in Porous Media 

Over the years, only a few researchers have studied the impact of porous 

media on the phase behaviours, and most of them merely focused on the 

experiment and gave qualitative understanding. Therefore, theoretical studies 

that explain the mechanisms of phase behaviours of reservoir fluids in porous 

media are lacking.  

As early as 1948, Weinaug and Cordell (1949) first studied the effects of 

porous media on phase equilibrium by adding dry sand into PVT cells. It 

turned out that the addition of sand did not affect the vapour-liquid phase 

equilibrium of the binary hydrocarbon system with either components CH4 & 

nC4 or CH4 & nC5.  

In 1969, the American scholar Clark did research on the adsorption and 

desorption of light paraffinic hydrocarbons in dry and water-saturated sand 

and sand-clay packs. Clark formulated the porous media by quartz sand and 

clay and studied the effect of porous media on adsorption equilibrium. He 

found that the compressibility factor of propane is 13% less in the dry 

sand-clay media than in the normal bulk PVT cell. Meanwhile, Clark also 

tested the effect of dry sand-clay porous media on the PVT properties of the 

C1 & nC5 binary system, and the experiments showed there was no significant 

difference.  

In 1973, Canadian scholar Sigmund and his colleagues studied the 

effects of porous media on phase equilibrium from the theoretical and 

experimental aspects. They built a porous media model by filling PVT cells 

with different numbers of glass balls and observed that there were no changes 
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of bubble pressure or dew pressure of the binary hydrocarbon systems with 

components CH4 & nC4 or CH4 & nC5. Theoretically, analysis calculation 

showed that, when the capillary radius was large as in the micron scale, the 

compositions and dew/bubble pressure at equilibrium were only affected when 

the curvature of the fluid surface was extremely high (i.e. more than 

        ). However, in most real conventional reservoirs, the curvature of the 

fluids surface could not reach that high of an extreme. Even if the porous 

media were more tight and similar to clay, the small pores are usually 

occupied by irreducible water. Thus, the effect of porous media could be 

neglected in conventional reservoirs. Former Soviet scholar Namiot (1976) 

and colleagues and American scholars Asar and Handy (1988) also drew 

similar conclusions to Sigmund et al. (1973).  

However, some other studies suggested that the presence of porous 

media has a significant impact on the phase behaviours of hydrocarbon 

systems. In 1966, French scholars Tindy and Raynal carried out experiments 

with porous media formed by particulate material with the diameter of 20 to 27 

microns. They found that the dew pressures of hydrocarbons in such porous 

media were higher than conventional measurements. Tindy and Raynal (1966) 

drew the conclusion that the impact of porous media on the dew pressures of 

hydrocarbon mixtures was related to the mixture compositions (in particular, 

the light hydrocarbon composition). Also, they found the phase behaviours 

were affected by the mass transfer conditions of the fluids. Once the 

geometric characters of the porous media were determined, the impact was 

then independent of the chemical content of the media.  
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In 1963, Gimatudinov and Seldovsky chose the natural sandstone core 

with a permeability of 0.1 to 2 D as the porous media and studied the 

hydrocarbon system with saturated pressure ranges from 30 to 70 atm. They 

found that the saturated pressures of the hydrocarbon system in porous media 

were 4 to 5 atm higher than in the same system without porous media. 

Meanwhile, in the same year, Sadykh-Zade, Mamedov, and Rafibejli (1963) 

carried out an experiment on hydrocarbon gas mixture with compacted sands 

in which the dew points measured were always 10-14 atm higher than the 

measurements by conventional methods. Later, Trebin and Zadora (1968) did 

experiments and drew the same conclusions that the dew point of retrograde 

condensate gas samples measured in porous media was 10% to 15% higher 

than that measured in a normal PVT cell without porous media. In 2014, Wang 

et al. applied nanofluidic devices to visualize the phase changes of pure 

alkane and alkane mixtures under nanoconfinement as means to approach 

oil/gas phase behaviours in nanoporous rocks. In their experiment, it was 

showed that the vapourization of the liquid phase was remarkably suppressed 

in nano-channels.   

For the theoretical study, some recent papers studied the effect of 

capillary confinement based on a PVT experiment. Honarpour et al. (2012) 

observed the effect of capillary pressure on the phase diagram of reservoir 

fluids. However, he only used an equation to amend the vapour pressure in 

the capillary based on the chemical potential equation of the liquid with a 

sphere surface proposed by DeHoff, and his work did not involve a real phase 

equilibrium calculation. Salimi, Wolf, and Bruining (2012) mentioned a flash 

calculation for the CO2–water system by applying capillary pressure to the 
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Stryjek-Vera modifications of the Peng-Robinson PRSV equation of state. 

However, he only gave results of the impact of wettability on the mole fraction 

of the component. Besides, the CO2–water system was significantly different 

from the reservoir oil-gas system, which made his work less applicable to 

reservoir phase study.  

Some scholars did work on the effect of capillary pressure on the phase 

behaviour of reservoir fluid mixture. Firincioglu, Ozkan, and Ozgen (2013) 

studied the effect of pore geometry on the degree of suppression on the 

bubble point of a C1/C7 binary mixture. Nojabaei, Johns, and Chu (2013) 

presented the effect of capillary pressure on C1/C4 and C1/C6 binary systems 

as well. Ma (2013) simulated the impact of the capillary on the properties of a 

three-component mixture. Dong et al. (2016) did research on the phase 

equilibria of confined fluids in the nanopores by considering the adsorption film 

in the nanopores as a factor to change the pore radius and observed the 

change of critical points. Haider (2015) simulated the effect of capillary on a 

binary component system first and then applied the model to realistic Bakken 

reservoir samples to depict the impact of capillary pressure on production. 

However, all of the researchers just discussed the change of dew/ bubble 

points. As a result of critical point shifting, some other properties including the 

compositions in liquid phase and gas phase, viscosity, compressibility factor, 

density, and molar weight are also changed. Especially for the retrograde 

condensate gas reservoirs, except for the dew points, the condensate oil 

amount and gas/oil ratio (GOR) are important indexes that need to be 

discussed as well. The impact of capillary pressure on these characters of the 

fluid system should not be neglected. 
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Du and Chu (2012) investigated the impact of suppressed bubble point on 

the GOR, formation volume factors, and viscosities, and they applied the 

results to the reservoir simulation. However, their work did not match the 

phase properties to the PVT experimental results before simulation, which 

made the conclusions less reliable. Meanwhile, they gave the results of 

recovery from the fluid flow aspect in reservoir simulations, but they failed to 

give the results from the phase behaviour aspects in the phase behaviour 

simulations.  

To make this theory more practical, further work is needed based on the 

above work. First, the researchers did not establish a complete calculation 

procedure starting from the raw data from the experiments. Second, none of 

them depicted the full P-T diagram, which could help show the effect of 

capillary pressure. Third, all of their work ends at flash calculation, which is 

only one of the phase analyses in our practical applications. Some other 

phase analyses, including constant composition expansion and constant 

volume depletion, were not studied yet. Finally, they did not give theoretical 

explanations of their observations. The mechanisms behind the observations 

need to be discussed.  

 

2.5 Chapter Summary 

The above literature review outlines the experimental and theoretical 

study on the phase behaviour of reservoir fluids on the adsorption basis and 

capillary pressure basis.  
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As it can been seen, the experimental method, which is specifically 

designed for measuring the PVT behaviours of reservoir fluids in porous 

media, is lacking. For adsorption, almost all the experiments were designed 

from those in the chemical industry without considering the high pressure and 

high temperature conditions in a petroleum reservoir. Meanwhile, properties 

such as the specific surface, pore radius, and pore structure of adsorbents in 

the petroleum industry (i.e. shale, carbonatite, etc.) are different from the 

adsorbents in the chemical industry (i.e. zeolite, activated carbon, etc.). 

Therefore, some experimental standards in the chemical industry may not be 

applicable in the petroleum industry. For the vapour-oil phase behaviour test, 

the conventional PVT cell has a large volume where no capillary effect exists. 

Only a few scholars did work on the capillary effect by filling the PVT cell with 

sand–clay packs or glass balls, but their results still did not reflect the real 

effect of capillary pressure in the reservoir, as their models were far different 

from the consolidation state of the porous media in the reservoirs. Thus, 

improving experimental designs and standards focused on the effect of 

porous media is needed in the petroleum industry.  

Additionally, although the theory knowledge for the phase behaviour in 

bulk volume is well developed, the study of the effect of porous media on 

phase behaviours is hysteretic as well. For adsorption, the scholars only 

considered the static state for the adsorbed amount; however, the real 

adsorption of a gas mixture is similar to a two-phase equilibrium. It is a 

dynamic procedure where both adsorption and desorption happen at the 

same time and the behaviour of every component in the mixture is different. 

For gas-oil phase behaviour with the existence of capillary pressure, the 

http://dict.so.163.com/w/carbonatite/#keyfrom=E2Ctranslation
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pressure of the oil phase and the pressure of gas phase are no longer equal. 

Thus, the phase equilibrium model for conventional PVT calculations is no 

longer applicable. The published papers only discuss the change of critical 

points and properties of the reservoir fluids. Most of them discuss an assumed 

binary-component or a three-component system only. For practical application, 

a complete simulation following the common PVT test and the analysis 

procedures of the realistic model is needed.   
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CHAPTER 3  

PREDICTION OF ADSORPTION ISOTHERMS OF PURE 

COMPONENT BY POTENTIAL THEORY 

3.1 Introduction 

Until now, many theories have been proposed to explain different models 

of adsorption isotherms, which are the analytic equations to describe the 

adsorbed amount change with temperature, pressure, and composition. The 

commonly used methods to establish adsorption isotherms include the 

Langmuir theory, the Gibbs theory, the Polanyi potential theory, statistical 

thermodynamics, and the adsorption solution theory (Hamdaoui & 

Naffrechoux, 2007).  

3.1.1 Langmuir adsorption model 

Langmuir (1918) derived an adsorption model that was suitable for a 

single-component gas substance on a homogeneous surface. The model is a 

kinetics model, which assumes the adsorption system is in dynamic 

equilibrium and the rate of adsorption and the rate of desorption are equal. 

This model is widely used in experimental data isotherm regression with a 

type I feature.  

On the basis of the Langmuir model, researchers launched the Freundlich 

isotherm model (Freundlich, 1909), the Langmuir-Freundlich isotherm model 

(Jeppu & Clement, 2012), and the Toth adsorption isotherm model (Wu, Wan, 

& Yang, 2003) for monolayer molecular adsorption, as well as the BET model 

(Brunauer, Emmett, & Teller, 1938) and the Aranovich model (Donohue & 

https://en.wikipedia.org/wiki/Herbert_Freundlich
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Aranovich, 1998) for the multilayer molecule adsorption of pure component 

gas. 

The model of isotherms also extended from the homogenous discussion 

to heterogeneous discussion. On the one hand, for adsorption energy 

heterogeneity, models including the three–parameter and four–parameter 

LUD adsorption isotherm (Rudzin śki, Steele, & Zgrablich, 2010) and DSL 

isotherm (Mathias et al.，1996) were established. On the other hand, for 

adsorbent structure heterogeneity, models including the LMSAM adsorption 

isotherm (Suwanayuen, 1980 a, 1980 b) and the TMSAM adsorption isotherm 

(Jensen et al., 1997) were established.  

3.1.2 Gibbs adsorption model 

The Gibbs adsorption model (Killmann, 1986) treats the adsorbed phase 

as a two-dimensional film determined by the two-dimensional equation of 

state. This model is derived from the integration of Gibbs isotherm by the 

equation of state. By using a different interface of the equation of state, 

including the ideal gas equation of state, the Van der Waals equation of state, 

and the Virial equation of state, etc., the corresponding adsorption isotherms 

could be obtained. This model is widely used, and various models, such as the 

ideal solution adsorption model (IAS) and vacancy solution models (VSM), are 

established based on Gibbs isotherms.  

For a gas mixture, if the parameters are obtained from pure components 

by a certain mixing rule, then the equation of state of the mixture could be 

obtained. By substituting the equation of state into Gibbs isotherms and doing 
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integration, the compositions and adsorbed amount of the interface phase of 

the gas mixture could be obtained.  

3.1.3 Statistical thermodynamics adsorption model 

On the basic principles of statistical thermodynamics, the system 

consisting of the adsorbent and adsorbate together is treated as a canonical 

ensemble or a grand canonical ensemble (Evers et al., 1990). By the 

statistical method (i.e. the Monte Carlo method), the statistical adsorption 

isotherm models could be obtained. One representative of these models is the 

statistical thermodynamics adsorption model (SSTM) proposed by Ruthven 

(1976). By simplifying certain parameters, this model could be reduced to the 

Langmuir adsorption model. The statistical thermodynamics adsorption model 

is mainly applied to the calculation adsorption of a single-component or a 

mixture of gas for zeolite type adsorbents.  

3.1.4 Polanyi adsorption model 

As early as 1914, Polanyi (1963) proposed that the absorbent is 

surrounded by an equal-potential surface, and the volume that is surrounded 

is the adsorption volume. Due to the effect of a potential field, the gas 

molecules are concentrated towards the absorbent surface. For a given 

gas-solid system, there is a functional relationship between the potential field 

  and the volume of adsorption on the solid surface W. Based on this   ~ W 

function, a characteristic curve could be drawn to show the characteristics of 

this gas-solid system. As the adsorption potential could be expressed by the 

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E6%AD%A3%E5%88%99%E7%B3%BB%E7%BB%9F
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work made by dispersion force, which is independent of temperature, thus, the 

characteristic curve is independent of temperature.  

For a porous structure absorbent, micro porous filling is the main 

adsorption mechanism. Based on the Polanyi potential theory, Dubinin and 

Astakhov (1971 a) developed a method to estimate the pore volume according 

to the low-pressure part of the adsorption isotherm. This kind of adsorption 

isotherm equation (i.e. the Dubinin-Radushkevitch equation) is particularly 

suitable for an adsorbent such as activated carbon. 

When the temperature is above the critical temperature, the solution of 

Polanyi’s potential theory becomes invalid. In practice, for a specific 

adsorption system, scholars have made a series of empirical or 

semi-empirical correlation equations (Yang, 1987). The applications of the 

Polanyi potential theory to adsorption isotherms of the gas mixture system is 

expanded directly from the Dubinin-Radushkevitch equation. Such 

applications include the Lewis equation, Grant-Manes models, etc., and these 

models are applied to the simulation of the desorption process of a gas 

mixture to specific adsorbents.  

One assumption of the Polanyi adsorption potential theory is that 

adsorption is caused by the dispersion force, which is independent of the 

temperature. Thus, the eventual adsorption isotherms obtained applies only to 

a relatively non-polar surface. 

Although many correlation methods have been proposed for the 

description of pure component isotherm data, including Freundlich, Langmuir, 

Langmuir-Freundlich, Dubinin and Radushkevich, Polanyi, Kisarov, Vacancy 

Solution Model, and Johns, most of them are reviewed in the multicomponent 
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conditions (Wood, 2000). Among those, the Dubinin’s equation is most 

versatile proven and useful model for prediction and for describing the 

equilibrium adsorption capabilities of organic vapours with both homogenous 

and heterogeneous adsorbent. Other isotherms equations are useful for the 

correlation of experimental adsorption capacities but have had little success in 

predicting capacities for unmeasured vapours and temperature conditions 

(Wood, 2003).  

3.2 Methods  

3.2.1 Polanyi’s Potential Theory   

Polanyi (1963) proposed that the surface of an absorbent is surrounded 

by an equal-potential surface and that the volume that is surrounded is the 

adsorption volume. At the surface of the absorbent, the potential is the largest. 

With each increase in the distance from the surface, the adsorption potential is 

weakened until it reaches zero.  

Based on the assumption that the molecules near the surface move 

according to a potential that is similar to the potential in gravity or electric 

fields, Polanyi’s potential theory is applicable to describe vapour adsorption at 

a constant temperature. When the pressure is higher than the equilibrium 

vapour pressure, the vapour molecules move towards the adsorbent surface 

(Butt, Graf, & Kappl, 2003).  

In this theory, the adsorption amount of a certain adsorption space is a 

function of the adsorption potential  : 

 an v f
 
 ............................................................................................ (3.1) 
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Fig. 3.1 is the schematic diagram of adsorption potential in the interior of the 

crack on an adsorbent surface according to Polanyi’s research in 1932. The 

space between each equal potential surface corresponds to a determined 

volume. 
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Figure 3.1. Schematic diagram of the adsorption potential in the interior 

of the crack on an adsorbent surface (Polanyi, 1932). 
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Eq. (3.1) shows the feature of a specific type of gas-solid system, which is 

then called the characteristic curve and has no determined expressed form. 

Since the adsorption potential represents the work done by dispersion force, 

which is independent of temperature, the characteristic curve is independent 

of temperature, too. Thus, as long as a specific gas isotherm at one 

temperature is measured, the isotherms of the same gas at other 

temperatures in the same gas-solid system could be predicted. 

3.2.2 Dubinin and Radushkevich Equation (The D-R equation) 

Dubinin (1965) pointed out that the adsorption potential   in Polanyi’s 

theory was physically invalid, as it is tantamount to agree that, in the 

adsorbent pores, there is an equipotential surface on which the adsorbent 

pressure equals the saturated vapour pressure    . He suggested that   

should be interpreted as a different change of free energy     instead of 

adsorption potential. Free energy    is the amount of reversible isothermal 

transfer of a mole adsorbate from a bulk liquid, which equals the chemical 

potential difference of a mole adsorbate in a bulk liquid adsorbed state.  

According to this definition, the   in Eq. (3.1) could be represented by   

as the difference between the chemical potential of the surface adsorbed 

phase and the chemical potential of a saturated liquid per mole, which could 

also be expressed by gas pressure and saturated vapour pressure. 

  sP
A F RTln

P

 
 

      
 

  ................................................................... (3.2) 
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Let W represent the volume of the pore filling of a limited micropore adsorption 

space W0. 

 0 /aW n v W f A E    ............................................................................ (3.3) 

As the theory is based on a constant temperature, the following condition is 

satisfied: 

0

an v

A

T

 
 

 
  ........................................................................................... (3.4) 

At an equal filled volume of the adsorption space W, the ratio of 

differential molar work of an adsorbate vapour under investigation to the 

differential molar work of adsorption A0 of the vapour chosen as a standard 

(usually benzene or nitrogen) is a constant value  , which is called the affinity 

coefficient of the characteristic curve. This means that, for the same 

adsorption space, the different change of free energy    ratio for two different 

vapours should be a constant, which is the constant affinity coefficient  .   is 

independent of temperature, and it has almost no relationship with the pore 

structure of the adsorbent. 

0
an v

A

A


 
  
 

  ........................................................................................... (3.5) 

The explicit expression of the characteristic curve could be given as:  

22

0 0

0

exp exp
A A

W W W
E E 

     
                 

  .............................................. (3.6) 

By substituting Eq. (3.2) into Eq. (3.3), Eq. (3.7) could be obtained: 
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2 2

0
sR P

W W exp Tln
E P

    
          

  ................................................................ (3.7) 

Equation (3.7) is the Dubinin and Radushkevich equation (the D-R equation). 

3.2.3 Dubinin and Astakhov Equation (the D-A equation) 

Dubinin and Astakhov (1971b) proposed a further extended equation 

based on Eq. (3.3) by introducing a parameter   in the function to express 

the heterogeneity pore structure. 

0 ,
A

W W f n
E

 
  

 
  ..................................................................................... (3.8) 

The explicit expression of the characteristic curve is:  

0

0

exp

n

A
W W

E

  
      

  .......................................................................... (3.9) 

Eq. (3.9) could be written in a similar form as Eq. (3.7): 

0

n n

sR P
W W exp Tln

E P

    
          

  ..............................................................  (3.10) 

Equation (3.10) is the Dubinin and Astakhov equation (the D-A equation), 

and when   equals 2, the D-A equation is reduced to the D-R equation.   is 

a parameter determined by the properties of the adsorbent, which is 

associated with pore size distribution.     is for a highly homogeneous 

adsorbent and     is for an adsorbent with heterogeneous microspores. 
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According to the D-R equation (3.7) and the D-A equation (3.10), the plot 

of W vs.    could be drawn based on an isotherm at the experimental 

temperature, and the curve on the plot is the characteristic curve of a certain 

vapour. Since the characteristic curve is independent of temperature, the 

isotherms of different vapours could be predicted based on this obtained 

characteristic curve at a different temperature by simply applying the 

saturated vapour pressure at certain temperatures. 

3.2.4 Dubinin’s theory on the prediction of isotherms for different 

vapours 

Previously, the prediction method of a vapour at different temperature 

conditions was explained. Dubinin (1965) also found that the same type of 

adsorption surfaces shows certain affinities for different types of vapour at the 

same temperature. It was found experimentally that the affinity coefficient 

             remains practically constant for a given pair of substances 

throughout the entire region of temperature invariance when the value of    

remains unchanged.  

 Based on experimental experience, Dubinin found that, in most cases, a 

different change of free energy    ratio of two vapours is approximately equal 

to the ratio of their liquid molar volumes    and    at saturated vapour 

pressure, or more precisely, to the ratio of the parachors   and   .  

00 s

s

v

v

F

F





   ..................................................................................... (3.11) 



38 

 

Then Eq. (3.11) could be written as Eq. (3.12) if we take the ratio of the 

different change of free energy to the molar volume of a vapour as equal to the 

ratio of a standard vapour. 

0

0

ss v

F

v

F 




 

 .......................................................................................... (3.12) 

  

Thus, for a given adsorbent, the characteristic curves of different 

adsorbates would coincide to one curve after we divide the different change of 

free energy of this adsorbate by its saturated liquid molar volume at the 

adsorption temperature. In this way, the characteristic curves of different 

gases for a specific adsorbent could be expressed by one curve. 

0

0

ln( / )s
s

s

v RT
F P P

v
   ........................................................................... (3.13) 

Based on Eq. (3.13), if the adsorption experiment of one vapour for a 

specific adsorbent at a specific temperature is carried out, its characteristic 

curve could then be obtained. We can then predict the adsorption isotherms of 

other untested vapours for this adsorbent by the application of this curve. As is 

explained before, the characteristic curve is independent of temperature, so 

we can also predict the adsorption isotherms of other untested vapours for this 

adsorbent at a different temperature by changing the saturated vapour 

pressure at that temperature. 
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3.3 Analysis and Discussion 

3.3.1 Analysis of parameters in Dubinin’s equations 

The D-R equation (3.7) could be considered as consisting of three parts 

of dimensionless terms, including the energy part (RT/E), the ratio of the 

pressure of adsorption to saturated vapour pressure (P/P0), and the pore filling 

volume ratio (or coverage) of adsorption (W/W0) (Wu et al., 2014). Fig. 3.2 

shows the adsorption characteristic curve of the D-R equation by plotting the 

pore filling volume ratio of adsorption (W/W0) against the ratio of the pressure 

of adsorption to saturated vapour pressure (P/Ps) and considering different 

values of dimensionless energy (E/RT). As temperature T, maximum 

micropore adsorption space W0, and saturated vapour pressure P0 are 

constant values, it is clear in the figure that the pore filling volume W increases 

as pressure increases. The increasing rate is determined by the adsorption 

energy ratio (E/RT). When the adsorption energy is less than 2, the increasing 

rate of the adsorption amount is slow at a low pressure range and becomes 

faster at a high pressure range. The characteristic curve shows an S-shape 

inversion. The lower the E/RT value is, the more obvious the trend is. When 

the adsorption energy is greater than 2, the increasing rate of the adsorption 

amount is fast at a low pressure range and becomes smooth at a high 

pressure range. The higher the E/RT value, the more obvious the trend.  
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Figure 3.2. Adsorption characteristic curves of the Dubinin and 

Radushkevich equation (the D-R equation)(Wu et al., 2014). 
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Fig. 3.3 shows the adsorption characteristic curve of the D-A equation by 

plotting the pore filling volume ratio of adsorption (W/W0) against the ratio of 

the pressure of adsorption to the saturated vapour pressure (P/Ps) by 

considering different values of the dimensionless energy ratio (E/RT) and the 

variation of heterogeneity represented by a variation of n. The impact of 

energy ratio (E/RT) is similar to that of the D-R equation. The larger the E/RT 

value, the larger the convex degree of the curves. The smaller the E/RT value, 

the larger the concave degree of the curves. It is obvious that, for the 

adsorbent with a lower n, the adsorption amount increases rapidly at a low 

pressure. As previously discussed,   is a parameter determined by the 

properties of an adsorbent, which are associated with pore size distribution. 

    is for a highly homogenous adsorbent and     is for an adsorbent 

with heterogeneous microspores. A lower   means a higher heterogeneous 

pore size distribution and a higher fraction of micropores. It is easier to realize 

volume filling at a lower pressure by the capillary condensation mechanism 

when the radius of the pore is fine. 
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(c) 

 

(d) 

Figure 3.3. Adsorption characteristic curves of the Dubinin and 

Astakhov equation (the D-A equation) on the variation of n value with 

conditions: (a) E/RT=1; (b) E/RT=1.5; (c) E/RT=2; and (d) E/RT=2.5 (Wu et 

al., 2014). 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

W
 /

 W
0
 

P / Ps 

1

1.5

2

2.5

3D-A Equation 

E/RT=2 
 

n 
 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

W
 /

 W
0
 

P / Ps 

1

1.5

2

2.5

3D-A Equation 

E/RT=2.5 
 

n 
 



44 

 

3.3.2 Adsorption amount prediction of the same component under 

different temperatures 

In order to evaluate the behaviour of this potential theory, the published 

available adsorption data are used. Figs. 3.4 to 3.6 use the experimental data 

from the research paper of Choi et al. (2003). The experiment was carried out 

by the static volumetric method at three temperatures (293.15 K, 303.15 K, 

and 313.15 K) with a pressure change from zero to 1600 kPa. The 

researchers chose activated carbon (Calgon Co.) as the adsorbent and the 

properties of the activated carbon from the manufacturer’s report are listed in 

Table 3.1. 
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Table 3.1. Characteristics of activated carbon adsorbent (Choi et al., 

2003). 

Type PCB 

Nominal pellet size (mesh) 6-16 

Average pellet size (mm) 0.115 

BET surface area (m2/g) 1150-1250 

Bulk density (g/cm3) 0.44 

Total pore volume (cm3/g) 0.72 
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Fig. 3.4 shows the comparison of the methane adsorbed amount between 

prediction results from potential theory and experimental data from the paper. 

The molar numbers of the adsorbed methane per kg adsorbent are drawn 

against the increase of pressure from zero to 1600 kPa. The red dots are the 

experimental data of methane at the temperature of 293.15 K and only this 

group of data is assumed to be known. Based on the adsorbed amount of 

methane at 293.15 K, the predictions of the adsorbed amount of methane at 

temperatures 303.15K and 313.15K are then calculated.  

The D-A equation (3.10) is applied in the calculation, and the regressed n 

is approximately 1, which shows that the activated carbon (Calgon Co.) has a 

relatively high degree of heterogeneity. The orange line and green line are the 

prediction results of the methane molar adsorbed amount at temperatures 

303.15K and 313.15K, respectively. The results are then compared to the 

experimental results, which are represented by the orange (303.15 K) and 

green (313.15 K) points in the figure.  

The mean absolute percentage error (MAPE) is a measure of prediction 

accuracy of a forecasting method in statistics: 

1

1
MAPE (| | 100%)

n
pre exp

i exp

Value Value

n Value


    ............................................ (3.14) 

The MAPE values for adsorption isotherms of methane at 303.15K and 

313.15K are 1.12% and 1.78% respectively and it is shown that the 

predictions have high precisions.  

As methane is a light vapour, the given temperatures are all higher than 

the critical temperature. One problem is that, for these temperatures, the 

https://en.wikipedia.org/wiki/Statistics
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methane has no saturation vapour pressure. To apply the potential method, 

the extrapolation of the phase diagram of methane is calculated, and pseudo 

saturation vapour pressures are used for given temperatures. However, this 

method will strongly affect the accuracy of the result, especially when the 

temperature is far higher than the critical temperature.   

The results show an increase of the adsorbed amount, as in the early 

stages of type I isotherms. Although the increase rate is reduced, it could be 

observed that the mole number of the adsorbed methane per kg adsorbent for 

the three temperatures all show a trend of increase. As previously discussed, 

methane is a light hydrocarbon. According to surface thermodynamics, it is 

more difficult for pore space to adsorb light molecules compared to heavier 

molecules. Moreover, methane has a small molecular size, and for a fixed 

pore space, more methane molecules will be adsorbed to occupy the whole 

space compared to heavy hydrocarbons. 

 For the given temperatures, the pressure range of zero to 1600 kPa is 

relatively small compared to the pseudo saturation vapour pressures of 

methane. There is still pore space for the further adsorption of methane 

molecules to realize the maximum pore filling volume W0, and the curves 

show the early stages of type I adsorption. 
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Figure 3.4. The comparison of the methane adsorbed amount between 

prediction results from potential theory and experimental data under 

different temperature conditions from Choi et al.’s paper. 
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Fig. 3.5 shows the comparison of the adsorbed ethane amount between 

prediction results from potential theory and experimental data from the paper. 

Similar to the previous calculation, the molar numbers of adsorbed ethane per 

kg adsorbent are drawn against the increase of pressure from zero to 1600 

kPa. The red dots are the experimental data of methane at temperature 

293.15 K, and only this group of data is assumed to be known. Based on the 

adsorbed amount of ethane at 293.15 K, the prediction of an adsorbed 

amount of ethane at temperature 303.15K and 313.15K are shown in an 

orange line and green line, respectively. The results are then compared to the 

experimental results, which are represented by the orange and green points in 

the figure. The MAPE (Eq. 3.14) values for the predictions of ethane 

adsorption isotherms at 303.15K and 313.15K are 2.78% and 1.75% 

respectively. 

Fig 3.5 shows a different adsorption situation when the adsorbate 

changes to ethane with other conditions remaining the same. Ethane is 

heavier than methane with a large molecule size. For the same adsorbent 

structure, temperature, and pressure conditions, it is easier for the pores to 

adsorb ethane molecules than it is for them to adsorb methane molecules. 

From a comparison with Fig. 3.4, the pores shows a stronger ability to adsorb 

ethane under the same pressure range, as the curves shows a whole stage of 

type I adsorption. The adsorption amount increases rapidly in the very low 

pressure range within zero to 200 kPa. The adsorption almost reaches the 

maximum amount in the pressure range zero to 400 kPa, and the adsorption 

amounts do not change much for the later pressure ranges. For heavier 

hydrocarbons and carbon dioxide, this phenomenon will become more 
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significant, and the maximum adsorption pressure will be realized in the lower 

pressure range. 

From the prediction figures of methane and ethane, it is shown that the 

potential method shows a well-performed behaviour with relatively accurate 

results with small error for predicting the same vapour under different 

temperature conditions.  
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Figure 3.5. The comparison of the ethane adsorbed amount between 

prediction results from potential theory and experimental data under 

different temperature conditions from Choi et al.’s paper. 
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3.3.3 Adsorption amount prediction of different components under 

different temperatures 

In field practice, there has always been the problem that, because of 

experimental conditions, cost limits, and time limits, usually only one or two 

pure component isotherms are tested in the labs. However, it is essential to 

know the adsorption isotherms of all components, especially when the gas in 

the reservoir is not dry gas, but wet gas or even retrograde condensate gas. 

The potential theory also gives a way to predict the isotherms of different 

components based on the given isotherms of one component. Moreover, 

different temperature conditions could also be predicted.  

Fig. 3.6 shows the comparison between the prediction results of the 

ethane adsorbed amount on the basis of methane adsorption data and ethane 

adsorption experimental data from Choi et al.’s paper. The adsorption 

experimental data of methane at temperature 293.15 K are used as known 

isotherms. The blue line, orange line, and green line are the predicted 

isotherms of ethane at temperatures 293.15 K, 303.15 K, and 313.15 K, 

respectively. The blue points, orange points, and green points are the 

experimental isotherms of ethane at temperatures 293.15 K, 303.15 K, and 

313.15 K, respectively. The horizontal straight segments of the curves at the 

pressure range 600 kPa to 1600 kPa show that the calculations of the 

adsorbed amount meet the maximum adsorbed filling volume, which is in 

accordance with the experimental results.  
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The MAPE (Eq. 3.14) values for the predictions of ethane adsorption 

isotherms at 293.15 K, 303.15 K, and 313.15 K are 6.01%, 7.12% and 8.05% 

respectively. By comparison with the adsorption experimental data of ethane, 

although the accuracy of prediction based on methane at temperature 293.15 

K is less than the previous cases of prediction of the same component under 

different temperatures, the error is still less and it is precise enough for 

engineering use.  

 

 

 

 

 

 

 

 

 

 

 

 



54 

 

 

Figure 3.6. The comparison between the prediction results of the ethane 

adsorbed amount on the basis of methane adsorption data at 293.15 K 

and ethane adsorption experimental data from Choi et al.’s paper. 
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3.4 Chapter Summary 

After predicting the isotherms for different cases, it is shown that the 

accuracy of the predicted isotherms of the same component under different 

temperatures is high. The more the temperature differs from the experimental 

temperature, the less the accuracy is. The accuracy of the predicted isotherms 

of different components based on a given component under different 

temperatures is less than that in the previous case. However, the variation 

from the experiment is within the tolerance in practical applications. To 

increase this accuracy, predictions could be made based on groups of 

isotherms of given components at different temperatures.    
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CHAPTER 4 

PREDICTION OF ADSORPTION ISOTHERMS OF 

MULTI-COMPONENT RESERVOIR FLUID MIXTURE BY 

THE FLORY-HUGGINS VACANCY SOLUTION MODEL 

 

4.1 Introduction 

As a reservoir fluid system is always a multi-component system, it is 

necessary to predict isotherms of multi-component mixtures for practical 

application. The bases of the prediction of multi-component adsorption are 

always the pure component isotherms. In the previous chapter, the prediction 

methods of pure component adsorption isotherms are discussed. This chapter 

will then focus on the adsorption prediction of multi-component mixture 

systems. 

Different from commonly used Langmuir models, which only focus on the 

static adsorbed amount of adsorbent by simply fitting the experimental data 

and lack of prediction capability, the model in this chapter describes the 

thermodynamics of desorption and adsorption equilibrium, which could 

explain the competitive adsorption mechanism. Thus, except for precise 

predictions of desorption for the depletion process, it could also give 

simulations for some other production operations, such as CO2 and N2 

injection for the replacement of hydrocarbons.  
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4.1.1 Dubinin’s theory on prediction of isotherms of gas mixtures 

As previously discussed, the main point for the Dubinin-Polanyi potential 

theory is to measure the different adsorption potential curves of different gas 

components to the same porous structure adsorbent with changing 

temperatures and coverage ratios. By choosing appropriate affinity 

coefficients and assuming appropriate characteristics of the potential value of 

the mixture components, the curve could be applied to estimate the adsorption 

equilibrium for gas mixtures.  

Bering, Dubinin, and Serpinsky (1966) directly expanded the D-R 

equation (3.14) discussed in Chapter 3 and applied the expanded equation to 

describe the adsorption of gas mixtures, which is shown in Eq. (4.1). 
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However, the most serious defect of this method is that it assumes the 

component behaves independently to occupy the adsorption sites on the 

adsorbent surface and does not consider the interaction effect between the 

components in the mixture. This method is similar to the idea of interpolation 

with the assumption that the adsorbed amount of each component in the 

mixture is proportional to the mole fraction of the component. However, in 

reality, the molecules of some components in the mixture will compete to 

occupy the adsorption sites on the adsorbent surface and deny other 

molecules. This phenomenon is called competitive adsorption. The 

phenomenon of competitive adsorption has been studied by many scholars 
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(Gun’ko, 2007). Because of the existence of competitive adsorption, the 

adsorption amount of each component in the adsorbed phase is no longer 

proportional to the mole fraction of the component to some extent. This is 

similar to the two-phase flash calculations, which involve both the behaviour of 

the components in each phase and the behaviour of each phase. Thus, a new 

idea comes out to build the adsorption models of multi-component mixtures 

based on phase equilibrium study.  

4.1.2 Solution adsorption model 

The solution adsorption model is named to treat the adsorbed phase 

formed by adsorbed gas on the solid surface as a solution, which is at 

equilibrium with the free gas phase. Famous solution models include the 

adsorbed solution model (ASM), and the vacancy solution model (VSM). 

Ideal Adsorbed Solution (IAS) 

The ideal adsorbed solution model (IAS) was proposed by Myers and 

Prausnitz in 1965 based on Gibbs adsorption isotherm theory. The model 

treated the adsorbed phase as an ideal gas solution and ignored the activity 

coefficient. Thus, it follows the general assumptions of the ideal gas: 

―(1) the volume occupied by the molecules is insignificant with respect to 

the volume occupied by the gas; (2) there are no attractive or repulsive forces 

between the molecules or between the molecules and the wall s of the 

container; and (3) all collisions of molecules are perfectly elastic, that is, there 

is no loss of internal energy upon collision.‖ (McCain, 1990) 
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After this, the IAS model was developed in two directions. The first one is 

to consider the energy heterogeneity on the adsorbent surface and obtain the 

heterogeneous ideal adsorbed solution model (HIAS). The other one is to 

introduce activity coefficients to the model and treat the adsorbed phase as a 

real gas solution to obtain the real adsorbed solution model (RAS). 

Heterogeneous Ideal Adsorbed Solution (HIAS) 

In the study of gas-solid interface adsorption, it is found that the ideal 

adsorbed solution (IAS) theory can introduce serious errors in the calculation 

of multicomponent gas adsorption equilibria from the corresponding pure gas 

adsorption isotherms, especially when the adsorbate sizes and the degree of 

adsorbent heterogeneity for the adsorption of the components differ 

substantially (Sircar, 1995).  

The HIAS model is based on the theory that there are many adsorption 

patches/sites on a solid surface, which are independent of each other. The 

adsorption energy distribution shows different degrees of heterogeneity. 

However, the adsorption energy at the same patch is equal. This model is 

based on the assumption that adsorbent heterogeneity could be described by 

the conventional homogenous framework by giving the local equilibrium on a 

site to a distribution of Henry’s law constants to depict the energetic 

heterogeneity (Sircar, 1991). Thus, the adsorption isotherm (also known as 

the local adsorption isotherm) could be expressed by the conventional 

homogenous surface adsorption isotherm model. 

Different energy distribution functions could be applied to describe the 

heterogeneous distribution of adsorption energy. If the adsorption energy is 
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assumed to be continuous and uniformly distributed (i.e. Gaussian distribution; 

Nakahara, 1986) and the local adsorption isotherm is described by the 

Langmuir model, the Langmuir-uniform-distribution (LUD) model is obtained. If 

local adsorption isotherm is still described by the Langmuir adsorption model, 

however, the adsorption energy is assumed to be discretely distributed and 

then the multisite Langmuir (MSL) model is obtained. Particularly if the solid 

media only contain two kinds of adsorption sites (for instance, grain and 

cement), the dual-site Langmuir model (bimodal two-site discrete distribution 

with the Langmuir isotherm) could be used to express the adsorption process. 

The dual-site Langmuir (DSL) provides a powerful framework to correlate 

multicomponent gas mixture adsorption since it has a flexible mathematical 

form for pure-gas adsorption, and it provides a flexible way to describe 

mixed-gas competition (Mathias et al., 1996). 

One of the main defects of the HIAS model is that it is a combination of 

the heterogeneous adsorption energy distribution and ideal adsorbed solution 

model (IAS) theory. There are always differences between predictions and 

experiments, which are attributed to the non-idealities in the adsorbed phase 

and accounted for by not using the adsorbed-phase activity coefficients (Moon 

& Tien, 1988). 

Real Adsorption Solution Model (RASM) 

The ideal solution model mentioned before was developed into the real 

adsorption solution model (RASM) by changing the gas-adsorbed phase as 

the real solution. When the activity coefficient for the adsorbed phase is no 
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longer equal to one (γ≠1), the adsorption model for gas then obtained is the 

RASM (Myers, 1983; Gamba et al., 1989). 

Lucassen-Reynders (1972, 1976) used the adsorption data of a pure 

component to predict the adsorption amount of a non-ideal gas mixture. 

During his research on the adsorption behaviour of surfactant molecules on 

the surface of a solution, Lucassen-Reynders treated the monolayer 

adsorption of a surfactant as an unusual dividing surface and the degree of 

non-ideal property was then characterized by the activity coefficients. This 

method was an effective way in which scientists could use the adsorption data 

of a pure component directly to predict the surface pressure of a mixture in the 

surfactant adsorbed phase and apply it to the gas mixture adsorption in 

gas-solid interface systems. 

Vacancy Solution Model 

The theory of the vacancy solution model was first proposed by Dubinin 

(1977) when he did research on the pure component gas adsorption on 

molecular sieves. The adsorbed phase is considered a complex system 

composed of three parts: (1) the adsorbate itself, (2) the adsorption sites with 

adsorbed gas, and (3) the empty adsorption sites with no adsorbate on the 

molecular sieves surface. In the meantime, the empty adsorption sites on the 

adsorbent are defined as an entity with the same size as the adsorbate 

molecules, which occupy the empty space of the solid surface. On this basis, 

the isotherms of molecular sieves are then obtained by dialysis balance 

principles and theories.  
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Suwanayuen and Danner (1980 a, 1980 b) integrated the theories of 

Dubinin and Lucassen-Reynders and deduced the approach of using pure 

component adsorption data directly associated with mixed gas adsorption, 

which was then called the Wilson Solution Vacancy Model (Wilson VSM). 

Based on all these theories, the Flory-Huggins Vacancy Solution Model 

(FHVSM) was then established by Cochran, Karbel, and Danner in 1985 as a 

new model to correlate the adsorption of gas components in a gas mixture.  

Flory-Huggins Vacancy Solution Model (FHVSM) 

Since 1980 when the Wilson VSM model was published, this model has 

shown certain advantages in the prediction of the adsorption behaviour of a 

gas mixture, especially for mixtures with a high degree of non-ideal properties. 

Since the vacancy solvent is treated as an abstract virtual entity, non-ideal 

characters are caused by interactions between the adsorbent and adsorbate 

molecules as well as interactions between adsorbate molecules. With the 

increasing concentration of the adsorbed phase, the closer the adsorbate 

molecules will draw together. The interaction between the adsorbate 

molecules will then be greatly improved, while the interaction between 

adsorbate and adsorbent molecules will decrease. 

To characterize the non-ideal properties in adsorption behaviour, the 

Wilson VSM not only uses the activity coefficients as the expression of the 

interaction between the adsorbent and adsorbate for both the adsorption of 

the pure gas component and gas mixture, but also as the expression of 

interaction among the components in the gas mixture. The model is based on 
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the Wilson equation, which is used to calculate the phase equilibrium between 

the liquid phase and the gas phase. It contains two parameters which are     

and    , and these two parameters are used to describe the interaction of 

adsorbed gas molecules and vacancy. However, some research has found 

that a strong correlation exists between these two parameters when 

regression is carried based on the adsorption isotherm data of a pure gas 

component, and in many cases, the product of these two parameters would 

approximately be equal to one.  

Based on this theory, the Flory-Huggins Vacancy Solution Model 

(FHVSM) was then established by Cochran, Karbel, and Danner in 1985 as a 

new model to correlate the adsorption of gas components in a gas mixture 

such as azeotrope. In the situation where the product of     and     equals 

1, the Wilson activity coefficients     and     could be represented by only 

one independent parameter, which is the Flory-Huggins activity coefficient.  

The adsorption of a gas mixture is not only related to the pressure and 

temperature of the mixture, but also the components of the mixture. For 

example, in the binary component gas mixture with methane and carbon 

dioxide, for the same adsorbent, the composition of a mixture in the adsorbed 

phase will be different to the total composition of the mixture, as there will be 

more carbon dioxide in the adsorbed phase, because carbon dioxide has a 

heavier molecular weight and thus it is adsorbed easier. The FHVSM could be 

applied to describe this so-called competition adsorption phenomenon, and it 

could precisely calculate the adsorption amount of every component in the 

gas mixture under a specific pressure and temperature according to the 
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adsorption isotherms of only one pure gas component or binary gas 

components.  

In the vacancy model, the adsorption equilibrium is treated as an osmotic 

equilibrium between two ―vacancy‖ solutions having different compositions. 

The gas phase and the adsorbed phase are treated as a two-vacancy solution 

and both vacancy solutions are composed of adsorbates and vacancies. The 

adsorbates are the gas molecules while the vacancy is an imaginary entity 

defined as the vacuum space, which acts as the solvent for the system. 

The equation of state for the adsorbed phase is derived by the 

thermodynamic equations by considering the composition dependent 

non-ideality of the adsorbed solution where the Wilson activity coefficients are 

used. The isotherms are then derived by the equation of state together with 

the Gibbs adsorption equation.  

4.1.3 Equation of state 

As in the previous description, one of the key points to solve the phase 

equilibrium problem of the reservoir hydrocarbon system is to obtain the 

fugacity coefficients and fugacity of each hydrocarbon component accurately 

in each phase. The fugacity coefficient V

i , fugacity V

if ,and Z-factor of the free 

gas phase could be obtained by choosing the proper PVT equation of state. 

The Peng–Robinson equation of state is applied in this thesis. The Peng–

Robinson equation of state was proposed by Peng and Robinson in 1976 and 

this equation of state had the advantage in the prediction of the physical 

characteristics and liquid volume characteristics of a polar component system. 
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Peng and Robinson (1976) made new amendments on the 

Soave-Redlich-Kwong equation of state, which was then referred to as the PR 

equation of state: 

( )

( ) ( )

RT a T
P

v b v v b b v b


 

     
 ................................................................. (4.2)

 

Since the PR equation of state has been published, it has been widely 

used in the calculation of thermodynamic properties for a variety of pure 

substances and mixtures. It then has been applied to compute gas phase and 

liquid phase equilibrium properties (Abudour, Mohammad, & Gasem, 2012). It 

has advantages in the following aspects: 

1.  The PR equation of state improves significantly on the prediction of 

vapour pressure for a pure substance.  

2.  The PR equation of state performs better on the calculation of density 

and volume characteristics of liquid phase. 

3. The PR equation of state gives generally better calculations of state 

for gas and liquid two-phase equilibrium. 

4. For the system that contains more polar components such as CO2 

and H2S, the PR equation of state could give a more satisfactory 

phase equilibrium calculation result.  

The PR equation of state is the most widely used equation in the phase 

simulation of reservoir hydrocarbon fluids, which is still recognized as one of 

the best. 
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For a pure component material, the PR equation of state still meets the 

critical point conditions of Van der Waals equation, with the parameters ia  

and ib
 
amended:  
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Following the method of Soave, the correlation function for adjustable 

temperature in the PR equation of state is: 

2
0.51 (1 )i i rim T       

 ............................................................................ (4.5) 

20.37464 1.54226 0.26992i i im    
 
 .................................................... (4.6) 

The eccentric factor in Eq. (4.6) is expressed by Eq. (4.7): 

0.7
= ln( ) 1

ri rs Tω P
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The PR equation of state could also be applied to a multi-component 

mixture system. The equations for a multi-component mixture are listed as 

follows: 

Pressure equation 
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)(Tam  and mb  in the above pressure equation still follow the mixing rules in 

the Soave method (Soave, 1980). 
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Cubic compressibility factor equation 

Similar to Soave’s method, the cubic compressibility factor equation for 

mixtures could then be derived by substituting equation Pv ZRT into Eq. 

(4.8), the pressure equation, which is: 

3 2 2 2 3(1 ) ( 2 3 ) ( ) 0m m m m m m m m m m mZ B Z A B B Z A B B B        
 
 .................  (4.11)

 

In the above formula for a mixture:  
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Fugacity equations for mixture 

Similar to the previous calculation, fugacity equations for each component 

in the mixture could be derived by substituting the compressibility factor Eq. 

(4.11) into the rigorous integral equations to solve the fugacity of component 

in the gas phase ig (Eq. (4.14)) in the phase equilibrium thermodynamic 

theory (Peng & Robinson, 1976). 
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The result is as follows in Eq. (4.15): 
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The adaptability and accuracy of the PR equation of state 

Since it further considers the effect of molecular density on the molecular 

attraction force, the PR equation of state has a more reasonable structure. By 

checking the calculation with a huge amount of experimental results, the PR 

equation of state significantly improves accuracy on the prediction of the 

vapour pressure of a pure component as well as the liquid phase and gas 

phase equilibrium calculation of a system containing weak polar components. 

In particular, it performs well on the estimation of liquid volume characteristics. 

The PR equation of state gives a theoritical critical compressibility factor Zc = 

0.307, which is closer to the practical compressibility factor measured by 

experiments, which is between 0.292 and 0.264 (Wei, 2000). Therefore, the 

PR equation of state could also give a satisfactory prediction on the physical 
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properties around the critical region. Thus, it is commonly applied in the phase 

properties calculation in the reservoir hydrocarbon fluid system. 

 

4.2 Methods 

4.2.1 Analysis of the model parameters 

For a single component adsorption system based on the experimental 

data of the adsorption isotherm, the parameters of the adsorbate and vacancy 

of the pure component could be obtained by regression of Eq. (4.17). These 

parameters could be then used to predict the adsorption equilibrium of the 

multicomponent mixtures (Suwanayuen and Danner, 1980 a, 1980 b). 

However, the prediction just ignores the interactions among adsorbates, which 

could be further improved . 
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    is the agreement with Henry’s law constant, which is the proportional factor 

to describe the amount of dissolved gas to its partial pressure in the gas 

phase (Henry, 1803) as the pressure approaches zero.  
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The vacancy model of Suwanayuen and Danner (1980 a, 1980 b) has 

been successful for the prediction of isothermal multicomponent equilibrium 

from single gas isotherms alone. However, it fails explicitly to include the 
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effect of temperature. In the Flory-Huggins model, the vacancy solution theory 

is then developed in conjunction with the Flory-Huggins activity coefficient. 

The two Wilson activity coefficients,     and    , which are used to describe 

non-ideality, are simply reduced to one Flory-Huggins activity coefficient    . 

The four regression parameters in Eq. (4.17) are then reduced to three, which 

are Henry’s Law constant   , the limiting amount of adsorption   
   , and a 

gas-solid interaction activity coefficient    . In this developed model, the 

nonideal behaviour in the adsorbed phase including adsorbate-adsorbate 

interactions, the effect of temperature and pressure, as well as the 

dependency of composition, are all considered in the prediction.  

The model shows two methods to obtain the three parameters. The first 

method is to regress the adsorption isotherms of pure component data based 

on the experimental results for a specific adsorbent. However, if the 

experimental data is lacking, there remains a way to calculate the prediction 

approximately by using temperature independent parameters for the specific 

adsorbent if the properties of the adsorbent are relatively stable, such as 

activated carbon, silica, and zeolite. The calculation formulas for the 

parameters are listed as follows: 
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This is a temperature independent function as      only if the pressure 

is relatively close to the vapour saturation pressure of the      component. In 
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other words, the function is anticipated only as the pores are filling with 

liquid-like or solid-like gas.   

1 1 1iv m n     ....................................................................................... (4.21) 

Table 4.1 shows the temperature independent regression parameters of 

some common adsorbent and adsorbate for the FHVSM provided by Cochran, 

Kabel, and Danner (1985). 
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Table 4.1. Temperature-independent regression parameters for the 

FHVSM. 

Adsorbent Adsorbate 

310s,?

oin    1r   910oib    
7101-q    1m   

kmol/kg K kmol/kg·kPa J/kmol kg/kmol 

Nuxit AL 

Activated 

Carbon 

CH4 10.50 0 5.94 1.886 352 

CO2 12.40 0 2.49 2.426 276 

C2H6 5.71 0 5.60 2.707 630 

C3H8 2.56 208 7.87 3.577 1191 

n-C4H10 1.93 217 33.30 3.993 1886 

Silica C3H8 8.98 0 0.92 2.681 435 

Zeolite 

13X 

CO2 4.35 0 0.91 3.753 929 

C2H6 2.88 0 1.36 2.775 438 

n-C4H10 0.41 457 74.30 2.971 2171 
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4.2.2 Pure component adsorption isotherm  

For a given constant temperature, the adsorption amount of a pure 

component under different pressure could be associated by the following 

formula. 

, 2

( ) ( )
1 1

s

i c iv c

i c iv c

N a
P exp

b a

 

 



 
 

   ............................................ (4.22)                                                           

 ,/ s

i

s

ic NN  .............................................................................. (4.23) 

4.2.3 Equilibrium Model of Gas Mixture 

Assuming that there are a total number of Nc components in the gas mixture 

and the vacancy is considered a "pseudo-component," then the system has a 

number of Nc+1 components. At the equilibrium, the fugacity of the liquid 

phase and the adsorbed phase are equal: 
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Let equilibrium coefficients / ( 1,2,......, )VA a

i i i cK y x i N   , then: 
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Fugacity coefficient of free gas phase 
V

i can be obtained from equation of 

state. The activity coefficient is:  
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for vacancy,  

0iva    .................................................................................................. (4.27) 

The interaction coefficient is: 
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The maximum adsorption amount of the gas mixture is: 
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The composition of each component in the vacancy model (including the 

composition of vacancy) is: 

,
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and the composition of vacancy in the vacancy model is:  
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1
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The condition of normalization is then: 
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4.2.4 Flow chart of calculation 

Fig. 4.1 depicts the flow chart of the calculation steps.  
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Figure 4.1. Flow chart of the adsorption equilibrium calculation for a 

multicomponent gas mixture. 
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Obtain at least one experimental adsorption isotherm of a pure component 

for the adsorbent at any temperature. 

Extend the isotherm of the above pure component to all components in the 

mixture at the interested temperature by the Potential Theory in Chapter 3. 

Regress the above isotherms to get the parameters for pure isotherms in Eq. 

(4.22). 

Set an initial factor, which is defined as the ratio of fugacity coefficients 

of ith component in the free gas phase and the adsorbed phase.    

Calculate the phase equilibrium of free gas and the adsorbed phase and 

obtain V, A, and ,  
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4.3 Results and Discussion 

The reliability of this model is checked by calculating a binary gas mixture 

of CH4 and C2H6. The data come from the experimental results of Wang 

(2015). The experiment measures the pure component adsorption isotherms 

for CH4 and C2H6 with a shale sample from the Marcellus formation in the 

Appalachian Basin. The pressure of the experiment ranges from zero to 125 

bar for methane and to 40 bar for ethane, and the isotherms are tested under 

three different temperatures, which are 40°C, 50°C, and 60°C. The 

experiment has also tested the isotherms of the gas mixture of different CH4 

and C2H6 composition. The total adsorption amount of the gas mixture is 

tested under the above conditions with different mole fractions of C2H6, which 

are 4%, 7%, and 10%. 

4.3.1 Regression of pure component adsorption isotherms 

First, in order to get the regression coefficients of ,s

iN , ib , and iva  in 

Eq. (4.21), the adsorption isotherms of pure components are regressed. The 

results are shown in Table 4.2.  
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Table 4.2. Regression coefficients of the pure component adsorption 

isotherms from Wang’s adsorption experimental data (2015).  

Temperature Component Regression Coefficient Value 

40°C 

CH4 

,s

iN  （lb mol /lb） 1.40×10-4 

ib （lb mol / lb.psia） 7.65×10-7 

iva   1.00×10-2 

C2H6 

,s

iN  （lb mol /lb） 1.25×10-2 

ib （lb mol /lb.psia） 1.58×10-5 

iva   19.10 

50°C 

CH4 

,s

iN  （lb mol /lb） 1.26×10-4 

ib （lb mol / lb.psia） 6.46×10-7 

iva   7.34×10-2 

C2H6 

,s

iN  （lb mol /lb） 8.78×10-3 

ib （lb mol /lb.psia） 1.09×10-5 

iva   16.20 

60°C 

CH4 

,s

iN   （lb mol /lb） 1.33×10-4 

ib （lb mol / lb.psia） 3.41×10-7 

iva   1.04×10-1 

C2H6 

,s

iN  （lb mol /lb） 1.17×10-2 

ib （lb mol /lb.psia） 6.04×10-6 

iva
 

17.80 
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The curves in Figs. 4.2 and 4.3 depict the correlation results of the 

adsorbed amount of methane and ethane, respectively. The curves are 

calculated from the pure component isotherm correlation equation Eq. (4.21) 

by applying the regression parameters from the experimental data in the 

above Table 4.2. As in the original experimental conditions, all three 

temperatures, T = 40°C, 50°C, and 60°C, are calculated by considering the 

range of pressure for the adsorption of methane from zero to 125 bar (i.e. 

1812.97 psi) and the range of pressure for the adsorption of ethane from zero 

to 40 bar (i.e. 580.15 psi).  

The experimental result shows that the adsorbed weight of ethane for the 

shale sample is highly larger than the adsorbed weight of methane. As the 

molecular weight of ethane is larger than methane, it is hard to tell the 

difference from the data whether the larger adsorbed weight of ethane comes 

from the larger molecular weight of ethane or the larger adsorption capability 

of ethane of the shale sample. Therefore, different from Wang’s original data 

source, the vertical axis is the number of moles, which is dividing the original 

weight by molar mass instead of by the weight of the considered adsorbed 

vapours. This change would help to show the adsorption capability to different 

vapours of the adsorbent clearly.  
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Figure 4.2. Comparison of the adsorption experimental data and 

regression calculation results of the adsorption isotherms of pure 

methane at temperatures T= 40°C, 50°C, and 60°C. 
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Figure 4.3. Comparison of the adsorption experimental data and the 

regression calculation results of adsorption isotherms of pure ethane at 

temperatures T= 40°C, 50°C, and 60°C. 
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It is obvious that the adsorption capability of ethane is larger than that of 

methane for shale, as under the same pressure, the adsorbed mole number of 

ethane is larger than the adsorbed mole number of methane. Also, the 

isotherm curve of methane shows an asymptotic trend to the maximum 

adsorbed amount when the pressure becomes high (i.e. larger than 1500 psi). 

The adsorption amount of ethane could easily reach this maximum adsorbed 

amount of methane under the same temperature at a very low pressure, but it 

still behaves as an increase in trend. 

The dots in Figs. 4.2 and 4.3 are the experimental data of the adsorbed 

amount of methane and ethane at the corresponding temperatures, 

respectively. Comparing the calculation curve and the experimental data, it is 

shown that the regression coefficients of ,s

iN , ib , and iva  in Eq. (4.22) at 

the corresponding temperatures are all reliable, which could precisely 

describe the experimental data with very small error and could then be applied 

to the FHVSM for the prediction of the adsorbed amount of methane and 

ethane vapour mixtures.   

4.3.2 Prediction of Binary Gas Mixture 

After checking the reliability of the regression parameters ,s

iN , ib , and

iva  in a pure component isotherm correlation Eq.(4.22), these parameters 

could be then used to predict the adsorbed amount of vapour mixtures by 

using the FHVSM. Wang’s experiment (2015) has tested the isotherms of the 

gas mixture of different CH4 and C2H6 compositions with the mole fractions of 

C2H6 of the whole closed system at 4%, 7%, and 10%, respectively, with a 
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pressure range of 0 to 125 bar under three temperature conditions: T=40°C, 

50°C, and 60°C. 

The curves in Figs. 4.4, 4.5, and 4.6 show the total weight of the 

adsorbed phase per unit weight shale for the mole fraction of C2H6 of the 

whole closed system at 4%, 7%, and 10% under temperature conditions 

T=40°C, 50°C, and 60°C, respectively. The dots on the figures are plotted 

from the real experimental data. By comparing the prediction curves and the 

experimental data points, this FHVSM could precisely predict the increased 

trend of the adsorption amount at the early lower pressure stage as well as the 

maximum limit of the adsorption capability, which has proved the accuracy 

and reliability of the model. 
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Figure 4.4. Comparison of the methane–ethane mixture adsorption 

experimental data and prediction of the methane–ethane mixture 

adsorbed amount at the temperature of T= 40°C with methane mole 

percentages of 90%, 93%, and 96%. 
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Figure 4.5. Comparison of the methane–ethane mixture adsorption 

experimental data and the prediction of the methane–ethane mixture 

adsorbed amount at temperature T= 50°C with methane mole 

percentages of 90%, 93%, and 96%. 
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Figure 4.6. Comparison of the methane–ethane mixture adsorption 

experimental data and prediction of the methane–ethane mixture 

adsorbed amount at temperature T= 60°C with methane mole 

percentages of 90%, 93%, and 96%. 
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Tables 4.3, 4.4, and 4.5 show the total mole number and weighted molar 

mass of the adsorbed phase for the mole fraction of C2H6 of the whole closed 

system at 4%, 7%, and 10% under temperature conditions T = 40°C, 50°C, 

and 60°C. From these three tables, it is shown that, for the same temperature 

and composition, both the total mole number and weighted mole mass in the 

adsorbed phase increase with pressure, which shows an asymptotic trend to a 

maximum limit. The larger the pressure, the heavier the molar mass is. This 

means that the ethane gathered more in the adsorbed phase. For the same 

composition, with the increase of temperature, the adsorbed amount of 

mixtures reduced. The tables also suggest that the more ethane in the whole 

system, the larger the adsorbed amount in total would be under the same 

condition. These results have shown that the adsorption capability of ethane is 

larger than the adsorption capability of methane for this shale sample. It also 

proves the existence of competition adsorption. 
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Table 4.3. The adsorbed amount and weighted molar mass of the adsorbed methane and ethane mixtures at temperature 

T= 40°C with molar compositions: 90% CH4 & 10% C2H6, 93% CH4 & 7% C2H6, and 96% CH4 & 4% C2H6, respectively. 

Pressure 
Adsorbed 

Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

Adsorbed 
Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

Adsorbed 
Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

bar mol/g g/mol mg/g mol/g g/mol mg/g mol/g g/mol mg/g 

 

Compositions: 90% CH4 & 10% C2H6 Compositions: 93% CH4 & 7% C2H6 Compositions: 96% CH4 & 4% C2H6 

5 4.05×10-5 17.666  0.715  3.98×10-5 17.189  0.684  3.91×10-5 16.704  0.653  

10 6.43×10-5 18.096  1.163  6.29×10-5 17.522  1.103  6.15×10-5 16.915  1.041  

20 9.03×10-5 18.299  1.651  8.82×10-5 17.685  1.559  8.60×10-5 17.023  1.463  

30 1.05×10-4 18.455  1.930  1.02×10-4 17.814  1.817  9.92×10-5 17.113  1.698  

40 1.14×10-4 18.575  2.113  1.11×10-4 17.917  1.986  1.08×10-4 17.186  1.850  

60 1.25×10-4 18.736  2.339  1.22×10-4 18.061  2.195  1.18×10-4 17.294  2.037  

80 1.25×10-4 18.736  2.339  1.22×10-4 18.061  2.195  1.18×10-4 17.294  2.037  

100 1.25×10-4 18.736  2.339  1.22×10-4 18.061  2.195  1.18×10-4 17.294  2.037  
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Table 4.4. The adsorbed amount and weighted molar mass of the adsorbed methane and ethane mixtures at temperature T= 

50°C with molar compositions: 90% CH4 & 10% C2H6, 93% CH4 & 7% C2H6, and 96% CH4 & 4% C2H6, respectively. 

Pressure 
Adsorbed 

Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

Adsorbed 
Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

Adsorbed 
Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

bar mol/g g/mol mg/g mol/g g/mol mg/g mol/g g/mol mg/g 

 

Compositions: 90% CH4 & 10% C2H6 Compositions: 93% CH4 & 7% C2H6 Compositions: 96% CH4 & 4% C2H6 

5 3.59×10-5 17.699  0.636  3.53×10-5 17.215  0.607  3.46×10-5 16.720  0.579  

10 5.67×10-5 17.761  1.008  5.56×10-5 17.262  0.960  5.45×10-5 16.750  0.913  

20 8.01×10-5 17.877  1.431  7.84×10-5 17.352  1.360  7.66×10-5 16.807  1.288  

30 9.30×10-5 17.986  1.673  9.09×10-5 17.437  1.585  8.87×10-5 16.862  1.496  

40 1.01×10-4 18.085  1.833  9.89×10-5 17.516  1.733  9.64×10-5 16.913  1.631  

60 1.12×10-4 18.256  2.040  1.09×10-4 17.655  1.922  1.06×10-4 17.007  1.799  

80 1.18×10-4 18.394  2.171  1.15×10-4 17.771  2.041  1.11×10-4 17.088  1.903  

100 1.18×10-4 18.394  2.171  1.15×10-4 17.771  2.041  1.11×10-4 17.088  1.903  
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Table 4.5. The adsorbed amount and weighted molar mass of the adsorbed methane and ethane mixtures at temperature T= 

60°C with molar compositions: 90% CH4 & 10% C2H6, 93% CH4 & 7% C2H6, and 96% CH4 & 4% C2H6, respectively. 

Pressure 
Adsorbed 

Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

Adsorbed 
Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

Adsorbed 
Moles 

Weighted 
Molar 
Mass 

Adsorbed 
Weight 

bar mol/g g/mol mg/g mol/g g/mol mg/g mol/g g/mol mg/g 

 

Compositions: 90% CH4 & 10% C2H6 Compositions: 93% CH4 & 7% C2H6 Compositions: 96% CH4 & 4% C2H6 

5 2.26×10-5 17.965  0.606  2.20×10-5 17.409  0.583  2.14×10-5 16.836  0.560  

10 3.88×10-5 18.018  0.899  3.78×10-5 17.449  0.860  3.68×10-5 16.860  0.821  

20 6.06×10-5 18.118  1.298  5.91×10-5 17.525  1.235  5.76×10-5 16.907  1.174  

30 7.46×10-5 18.209  1.559  7.28×10-5 17.595  1.481  7.10×10-5 16.951  1.403  

40 8.45×10-5 18.293  1.746  8.25×10-5 17.659  1.656  8.04×10-5 16.993  1.566  

60 9.76×10-5 18.436  1.999  9.52×10-5 17.772  1.891  9.27×10-5 17.066  1.782  

80 9.76×10-5 18.436  1.999  9.52×10-5 17.772  1.891  9.27×10-5 17.066  1.782  

100 9.76×10-5 18.436  1.999  9.52×10-5 17.772  1.891  9.27×10-5 17.066  1.782  
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Tables 4.6, 4.7, and 4.8 have shown the compositions of both the 

adsorbed phase and the free phase of the mixture system. Several 

conclusions could be drawn from the tables. First, it is obvious that, with a 

decrease of the mole percent of ethane in the whole system, the composition 

of ethane in both the adsorbed phase and the free phase is reduced. However, 

the composition of ethane in the adsorbed phase is always higher than the 

mole fraction of ethane in the total system, while the composition of ethane in 

the free phase is always lower than the mole fraction of ethane in the total 

system. This trend becomes more significant as the pressure increases. This 

is proof that the ethane is more competitive than methane in the adsorbed 

phase. Second, the increase rate of ethane fraction in the adsorbed phase 

becomes smoother as the pressure increases. This is caused by the 

asymptotic trend of the pure component isotherms, as the adsorbed amount of 

ethane becomes smooth in the high-pressure range. Third, due to the limited 

pore space of the adsorbent, the compositions are no longer changed in the 

high-pressure range in all cases, which is in accordance with the 

characteristics of the pure component isotherms of methane and ethane. 

Finally, by comparing different total composition cases at the same 

temperature, the less the mole fraction of ethane in total, the more competitive 

it becomes. For example, for the 40°C case, the percent difference final 

fraction of ethane in the adsorbed phase to the fraction of ethane in total are: 

19.2% 10%
100% 9.2%

10%


  , 

14.4% 7%
100% 11.3%

7%


   ,  
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and
8.9% 4%

100% 12.3%
4%


  .  

The increase of the percent difference shows an increase of the competitive 

nature of ethane.   
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Table 4.6. The adsorbed phase mole percent ( A ) and free phase mole 

percent (V ), and compositions in the adsorbed phase ( a

i
x ) and in the free 

phase (
i

y ) at temperature T=40°C.  

Pressure 
Adsorbed Phase 

Composition 
Free Phase 
Composition 

bar CH4 C2H6 CH4 C2H6 

Total Composition: 90% CH4 & 10% C2H6 

5 0.884 0.116 0.937 0.063 

10 0.854 0.146 0.923 0.077 

20 0.839 0.161 0.921 0.079 

30 0.828 0.172 0.919 0.081 

40 0.819 0.181 0.917 0.083 

60 0.808 0.192 0.914 0.086 

80 0.808 0.192 0.914 0.086 

100 0.808 0.192 0.914 0.086 

Total Composition: 93% CH4 & 7% C2H6 

5 0.918 0.082 0.957 0.043 

10 0.895 0.105 0.947 0.053 

20 0.883 0.117 0.946 0.054 

30 0.874 0.126 0.945 0.055 

40 0.866 0.134 0.943 0.057 

60 0.856 0.144 0.941 0.059 

80 0.856 0.144 0.941 0.059 

100 0.856 0.144 0.941 0.059 

Total Composition: 96% CH4 & 4% C2H6 

5 0.953 0.047 0.976 0.024 

10 0.938 0.062 0.970 0.030 

20 0.930 0.070 0.970 0.030 

30 0.924 0.076 0.969 0.031 

40 0.919 0.081 0.968 0.032 

60 0.911 0.089 0.967 0.033 

80 0.911 0.089 0.967 0.033 

100 0.911 0.089 0.967 0.033 
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Table 4.7. The adsorbed phase mole percent ( A ) and free phase mole 

percent (V ), and compositions in the adsorbed phase ( a

i
x ) and in the free 

phase (
i

y ) at temperature T=50°C.   

Pressure 
Adsorbed Phase 

Composition 
Free Phase 
Composition 

bar CH4 C2H6 CH4 C2H6 

Total Composition: 90% CH4 & 10% C2H6 

 

5 0.882  0.118  0.939  0.061  

10 0.878  0.122  0.941  0.059  

20 0.869  0.131  0.942  0.058  

30 0.862  0.138  0.942  0.058  

40 0.854  0.146  0.942  0.058  

60 0.842  0.158  0.940  0.060  

80 0.832  0.168  0.937  0.063  

100 0.832  0.168  0.937  0.063  

Total Composition: 93% CH4 & 7% C2H6 

 

5 0.916  0.084  0.959  0.041  

10 0.913  0.087  0.960  0.040  

20 0.907  0.093  0.961  0.039  

30 0.901  0.099  0.961  0.039  

40 0.895  0.105  0.961  0.039  

60 0.885  0.115  0.960  0.040  

80 0.877  0.123  0.958  0.042  

100 0.877  0.123  0.958  0.042  

Total Composition: 96% CH4 & 4% C2H6 

5 0.952  0.048  0.977  0.023  

10 0.950  0.050  0.978  0.022  

20 0.946  0.054  0.979  0.021  

30 0.942  0.058  0.979  0.021  

40 0.938  0.062  0.979  0.021  

60 0.931  0.069  0.978  0.022  

80 0.925  0.075  0.977  0.023  

100 0.925  0.075  0.977  0.023  
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Table 4.8. The adsorbed phase mole percent ( A ) and free phase mole 

percent (V ), and compositions in the adsorbed phase ( a

i
x ) and in the free 

phase (
i

y ) at temperature T=60°C. 

Pressure 
Adsorbed Phase 

Composition 
Free Phase 
Composition 

bar CH4 C2H6 CH4 C2H6 

Total Composition: 90% CH4 & 10% C2H6 

5 0.884 0.116 0.937 0.063 

10 0.854 0.146 0.923 0.077 

20 0.839 0.161 0.921 0.079 

30 0.828 0.172 0.919 0.081 

40 0.819 0.181 0.917 0.083 

60 0.808 0.192 0.914 0.086 

80 0.808 0.192 0.914 0.086 

100 0.808 0.192 0.914 0.086 

Total Composition: 93% CH4 & 7% C2H6 

 

5 0.918 0.082 0.957 0.043 

10 0.895 0.105 0.947 0.053 

20 0.883 0.117 0.946 0.054 

30 0.874 0.126 0.945 0.055 

40 0.866 0.134 0.943 0.057 

60 0.856 0.144 0.941 0.059 

80 0.856 0.144 0.941 0.059 

100 0.856 0.144 0.941 0.059 

Total Composition: 96% CH4 & 4% C2H6 

5 0.953 0.047 0.976 0.024 

10 0.938 0.062 0.970 0.030 

20 0.930 0.070 0.970 0.030 

30 0.924 0.076 0.969 0.031 

40 0.919 0.081 0.968 0.032 

60 0.911 0.089 0.967 0.033 

80 0.911 0.089 0.967 0.033 

100 0.911 0.089 0.967 0.033 
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4.3.3 Comparison to other prediction models 

In order to show the precision of this FHVSM further, the prediction results 

are compared to two other gas mixture adsorption prediction methods. One 

method is the multi-component potential theory of adsorption (MPTA) model, 

which is improved by Shapiro and Stenby (1998) on the basis of Polanyi’s 

potential theory (Polanyi, 1932). This is the original model applied in the 

original experimental data source of Wang’s study (2015). 

Another method is the extended Langmuir model for the adsorption of 

gas mixtures on heterogeneous surfaces first proposed by Kapoor, Ritter, and 

Yang in 1990, which is quite commonly used in the recent petroleum phase 

study. 

Pure component isotherms are regressed in the following formula:  

1

m L

L

N b P
n

b P



  ........................................................................................... (4.31) 

First, the experimental data are regressed by the above Eq. (4.31) and 

   and   could be obtained. Then the mole numbers of vapour adsorbed in 

the mixture could be calculated in the following formula: 

1

a

mi i i
i a

i i

N b Px
n

b Px


 
  .................................................................................... (4.32) 

Fig. 4.7 shows the comparison of different prediction methods to predict 

the adsorption of the methane–ethane mixture with different compositions at 

temperature T= 40°C. In order to keep in accordance with the experimental 

data, the prediction results are calculated in milligram per unit gram of 
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adsorbent. Solid curves are the result of the FHVSM, dashed curves are the 

result of the extended Langmuir model, and dotted curves are the result of the 

multi-component potential theory of adsorption published in Wang’s study 

(2015). The red curves in (a) are a mixture with a methane mole percent of 

90%, the blue curves in (b) are a mixture with a methane mole percent of 93%, 

and the purple curves in (c) are a mixture with a methane mole percent of 

96%.  
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(b) 
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(c) 

Figure 4.7. Comparison of experimental data and different prediction 

methods (solid curves represent FHVSM, dashed curves represent ELM, 

and dotted curves represent MPTA) of methane – ethane mixture 

adsorption isotherms at temperature T= 40°C with methane mole 

percentages of: (a) 90%, (b) 93%, and (c) 96%. 
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Table 4.9 shows the mean absolute percentage error (Eq. 3.14) results of 

the above three methods. By comparing the experimental data and the 

prediction results of the three methods, it is clear that the FHVSM has the 

highest precision with the least MAPE. Thus, the FHVSM method could 

accurately predict performance of the adsorption of gas mixture and the 

maximum adsorption limit of the shale sample to the gas mixtures.   
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Table 4.9. The mean absolute percentage error (MAPE) of the three 

prediction methods (FHVSM, MPTA and ELM) of methane – ethane 

mixture adsorption isotherms at temperature T= 40°C with methane mole 

percentages of: (a) 90%, (b) 93%, and (c) 96%. 

Prediction Method Mean Absolute Percentage Error (MAPE) 

90% CH4 93% CH4 96% CH4 

FHVSM 6.67% 4.70% 3.41% 

MPTA 12.25% 13.83% 6.90% 

ELM 9.65% 15.38% 8.69% 
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4.4 Chapter Summary 

In the previous discussions, it is suggested that the Flory-Huggins 

Vacancy Solution Model is reliable to predict the adsorption of a gas mixture 

based on the pure component isotherms. The precision of the model is proved, 

which shows a better result than the multi-component potential theory of 

adsorption methods and the extended Langmuir model. By using the theory of 

phase equilibrium, the composition change in both the adsorbed phase and 

the free phase could be displayed in this model. Thus, the model has 

advantages in describing the mechanism of competition adsorption in which 

the heavier hydrocarbons are easier to be adsorbed by the adsorbent than 

lighter hydrocarbons.  

In addition, by combining the potential theory described in Chapter 2, this 

model could be further improved in the situation where the experimental data 

is lacking. By using the potential theory based on the measured adsorption 

isotherm of only one component (or some components) for a given adsorbent, 

the adsorption isotherms of other unmeasured components for the same 

adsorbent could be predicted. Moreover, the isotherms of these components 

could be extended to varied temperatures and pressures, and they could only 

be limited to the experimental temperature and pressure. This makes this 

model applicable to the real high pressure and high temperature conditions of 

the reservoir formation. Once the isotherms of a pure component are 

extended, then the FHVSM could be applied to predict the adsorption of 

multi-component mixtures. Thus, this method could be of great importance in 

practical application.   



104 

 

CHAPTER 5 

STUDY OF PHASE BEHAVIOUR CONSIDERING 

CAPILLARY PRESSURE  

5.1 Introduction 

In the underground gas and oil reservoir formation, the fluid molecules 

are close together next to the surface of porous media, and interaction occurs 

between the fluid and the reservoir porous media. Due to the fine particles, 

small pores, and the huge specific surface of the reservoir porous media, a 

great variety of interfaces exist between the reservoir media and fluids and the 

interface phenomena are extremely prominent. Surface phenomena are 

closely related to several properties including surface tension, adsorption, 

wettability, and capillary pressure, and these related properties have a 

significant effect on the fluid distribution, fluid phase behaviour, and fluid flow 

in the porous media.  

This chapter starts from the basic thermodynamic theory and analyzes the 

criteria of thermodynamic equilibrium when gas and liquid surfaces exist. The 

conditions for thermodynamic equilibrium are obtained when different shapes 

of the gas and liquid interface appear, including a plane surface, sphere 

surface, curved surface, and meniscus surface in the capillary. Therefore, 

based on these conditions, the phase behaviour model considering the 

capillary pressure could be established. In order to demonstrate the degree of 

influence of capillary pressure on the phase equilibrium of reservoir fluids, the 

data of a particular retrograde condensate reservoir is used. Several 
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properties of the fluid system under different situations are calculated in the 

simulation, including pressure, dew point pressure, retrograde condensate 

volume, and morphology of the P-T phase diagram. Satisfactory explanations 

of the phase simulation results could be well described by the Kelvin equation 

in thermodynamic theory.  

5.1.1 Establishment of mathematical model 

The existence of an interface is a common phenomenon in the reservoir. 

For the oil reservoir, when the pressure becomes lower than the bubble point 

pressure, solution gas will be released from the oil. For a retrograde 

condensate gas reservoir, when the pressure is below the dew point pressure, 

oil will condense from the gas phase. With the presence of the gas phase, 

liquid phase, and solid phase (referred to as the rock) at the same time, the 

interface of the gas-liquid, gas-solid, and oil-solid appear in the reservoir. 

As shown in Fig. 5.1, within the scope of the interface layer, the 

thermodynamic properties, such as internal energy, are under a gradual 

transition change. In this gradual transition interface layer, the thermodynamic 

properties of the molecule system change continuously until the two phases 

form an equilibrium molecular force field (Sant, 2008).  
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(a) imaginary geometry interface 

(b) thermodynamic properties of interface layer 

Figure 5.1. Schematic diagram of molecular properties of interface layer 

between two phases. 
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In this chapter, only the effect of the interface between the gas phase and 

the liquid phase is considered. Due to the existence of a third phase (solid 

phase), an additional surface pressure will be produced, which is inversely 

proportional to the radius of the curvature of the surface. Therefore, this 

additional surface pressure could be ignored in a large container, as the 

radius of the surface curvature is large. However, in a tiny capillary, this 

additional surface pressure becomes significant, which is worth attention and 

is called the capillary pressure. 

5.1.2 Thermodynamic criterion of phase equilibrium with the presence of 

an interface 

Basic thermodynamic equations 

A system consists of m kind of substance, which is shown in Fig. 5.2 with 

the presence of phase α, phase β, and interface phase σ.  
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(a) general situation (b) plane (c) sphere (d) curvature (e) capillary 

 

Figure 5.2. Schematic diagram of interface distribution among  phase, 

 phase, and  phase. 
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According to the first and second laws of thermodynamics, the basic 

equations for the internal energy for the three phases could then be written in 

the following equations, respectively (Gennes et al., 2004). 

m
α α α α α α α

i i

i 1

dU T dS P dv μ dn


     ............................................................. (5.1) 

i

i 1

m

idU T dS P dv μ dn      



     ........................................................... (5.2) 

i

i 1

Nc

s idU T dS P dv σdA μ dn      



      ................................................. (5.3) 

σ is the surface tension and sA is the area of the surface. 

For the whole system, the internal energy is the sum of the internal 

energy of these three phases: 

α β σdU dU dU dU     ........................................................................... (5.4) 

Derivation of thermodynamic equilibrium criterions 

Assume the system is an isolated system (Kolesnikov, Vinokurov, & 

Kolesnikov, 2001) with no matter exchange or energy exchange with the 

surroundings. According to the inequality of Clausius (Evans, Williams, & 

Searles, 2011) for a microscopic process: 

Q
dS

T




 
if the process is irreversible 

Q
dS

T


  if the process is reversible 
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where dS  is the entropy difference and Q  is the difference of quantity of 

heat. 

The process under equilibrium conditions is reversible, and the process is 

adiabatic. Based on the above entropy criterion, the following equations could 

be obtained: 

0 
σβα dSdSdSdS  ....................................................................... (5.5) 

Meanwhile, as the system is isolated, there is no exchange of mass or 

energy with the environment. The internal energy remains constant. 

0dU  ................................................................................................. (5.6) 

0dV dv dv dv       ................................................................. (5.7) 

For a system containing an interface phase, in addition to the volume 

work (PV), surface work (    ) should also exist: 

0α α β β σ σdW P dV P dV P dV σdA        ............................................... (5.8) 

Besides, according to the balance of material: 

 0?1,2,3, ,
i i i i cdn dn dn dn i N          ............................................... (5.9) 

By substituting Eqs. (5.1), (5.2), and (5.3) into Eq. (5.4), the following 

equation could be obtained: 

 i i i

i 1

0
Nc

i i iT T dS T T dS dn dn              


                        

 .............................................................................................................. (5.10) 
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In the above equation, dS  , dS ,
idn , and

idn are completely independent 

of each other and can change independently, In order to make Eq.(5.10) 

remain zero constantly (i.e.      ), it requires: 

0
U U

S S 

 
 

 
  ..................................................................................... (5.11) 

0 ( 1,2,......, )c

i i

U U
i N

n n 

 
  

 
 ........................................................ (5.12) 

Thus, the coefficients of all the independent terms should be zero. Then 

the following conditions could be obtained. 

a b sT =T =T   ......................................................................................... (5.13) 

i i i

       
 ...................................................................................... (5.14) 

As can be seen, at the phase equilibrium, the temperature of each phase 

should be equal. Moreover, the chemical potential of each component in each 

phase should be equal. The pressure of each phase could be derived by the 

correlation of Eqs. (5.7) and (5.8): 

0sP P dV P P dv σdA                  
 ............................................ (5.15) 

While processing the interface phase, usually we have two methods. One 

method is to treat the interface phase as a region with a certain volume. The 

other method is proposed by Gibbs (Tadros, 2013), which is modeling the 

interface phase as a surface with no thickness. The later one – the Gibbs 

method – is applied in this paper. 
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For the Gibbs method, v = 0. Then Eq. (5.15) becomes 

sdA
P P σ

dv

 


    ................................................................................... (5.16) 

If we treat the interface phase as an area with a certain volume, then V 

0. However, the definition of the boundary of the interface phase has a 

degree of arbitrariness, so we can adjust the boundary of phase α and 

interface phase σ to make the two phases have close properties. If we let P

= P , then Eq. (5.16) will become Eq. (5.17). Thus, when the two phases are 

at equilibrium, the pressures of the two phases are not necessarily equal to 

each other. 

Different shapes of the interface 

In conventional PVT cells, the interface could be considered a plane, as 

shown in Fig. 5.2(b). Ad As does not change with    and sdA

dv
 = 0, then 

according to Eq. (5.16): 

P P    ............................................................................................... (5.17) 

At this time, the equilibrium pressures of phase α and phase β are equal. 

When the shape of the interface phase is a sphere, as shown in Fig. 5.2(c) 

where phase β is a sphere with radius dR , then the volume and surface area 

for phase β are: 

3 24
, 4

3
d d d dv R dv R dR     .................................................................... (5.18) 
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24 , 8s d s dA R dA RdR     ..................................................................... (5.19) 

According to Eq. (5.16), the following equation could be obtained: 

2σ

d

P P
R

     ....................................................................................... (5.20) 

If the shape of the interface phase is a curved surface, as shown in Fig. 

5.2(d), and the radii of the two main curvatures are r1 and r2, then, according 

to Eq. (5.16), the following equation could be obtained: 

1 2

1 1
( )P P
R R

       ........................................................................... (5.21) 

If the phase equilibrium happens in the capillary of a porous media, as 

shown in Fig. 5.2(e), the capillary wall is wetting to phase α with contact angle 

. Then, according to Eq. (5.16), the following equation could be obtained: 

2σ Cosb aP - P
r


   ................................................................................ (5.22) 

The above Eqs. (5.20), (5.21), and (5.22) are the famous Young-Laplace 

equations (Chen, Chiu, & Weng, 2006). In this way, Eqs. (5.13) and (5.14), 

together with Eq. (5.17) or (5.20), have constituted a criterion of 

thermodynamic phase equilibrium when an interface phase presents. 
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5.2 Model of phase equilibrium calculation considering the 

role of capillary pressure 

5.2.1 The assumptions  

The model considers the effect of surface tension and the wettability of 

porous media on the phase equilibrium calculation between the oil phase and 

the gas phase. To establish suitable equilibrium equations for the hydrocarbon 

system in reservoirs, we should give some basic assumptions. 

First, the equations are established for a closed system with cN  

components with composition ( 1,2,......, )i cz i N
 
, which has no exchange of 

material with the surroundings. Second, the process of equilibrium between 

the gas phase and the oil phase is instantaneous. Third, the adsorption 

phenomenon on the surface of porous media may cause the change of phase 

properties and this effect is ignored.  

 

 

 

 

 

 

 



115 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Schematic diagram of the equilibrium system of the gas 

phase and the liquid phase. 
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5.2.2 Models 

As shown in Fig. 5.3, assuming that an oil–gas two-phase system 

consists of cN  substance, the total number of moles equals 1. The total 

composition in both the oil phase and gas phase of each substance is

( 1,2,......, )i cz i N  . If the mole number of a liquid at equilibrium is L with 

compositions ),......,2,1( ci Nix  , and the mole number of a gas at 

equilibrium is V with compositions ),......,2,1( ci Niy  , we have: 

Material balance equations 

1L V    .............................................................................................. (5.23) 

( 1,2,......, )i i i cx L yV z i N     ............................................................. (5.24) 

Normalization of compositions 

1

1
cN

i

i

z


   ............................................................................................... (5.25) 

1

1
cN

i

i

x


   ............................................................................................... (5.26) 

1

1
cN

i

i

y


   ............................................................................................... (5.27) 

 

Let equilibrium coefficients ),......,2,1(/ ciii
VL NixyK  , according 

to Eqs. (5.23), (5.24), (5.25), (5.26), and (5.27). Thus, the following equilibrium 

equations could be obtained: 
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1 1

1
1 ( 1)

c cN N

i
i VL

i i i

z
x

K V 

 
 

    .................................................................. (5.28) 

1 1

1
1 ( 1)

c cN N VL

i i
i VL

i i i

K z
y

K V 

 
 

    .................................................................. (5.29) 

1 1

( 1)
( ) 0

1 ( 1)

c cN N VL

i i
i i VL

i i i

K z
y x

K V 


  

 
    ......................................................... (5.30) 

Thermodynamic equilibrium equations 

Based on Eq. (5.14), at thermodynamic equilibrium, the chemical 

potentials of each substance should be equal to each other. In other words, 

the fugacity of each component in the gas phase and the liquid phase should 

be equal. Then we can obtain: 

( 1,2,......, )L L L V V V

i i i i i i cf x P f y P i N           ............................... (5.31) 

/ ( 1,2,......, )
L L

i
i i i cV V

i

P
K y x i N

P






  


  .................................................. (5.32) 

f  and   are the fugacity and the fugacity coefficient. When the system 

temperature and pressure of each phase and compositions in each phase are 

known, the fugacity coefficients could be determined by the equation of state. 

The rigorous integral solutions of V

m and L

m  in the phase equilibrium 

thermodynamic theory are shown as: 

( ), ,

ln( ) ln( ) ln
V

V jV j i

V
V Vi
i VVv

i i Vv T n

f P RT
RT RT dv RT Z

y P n v





  
     
   

   ...................  

 .............................................................................................................. (5.33) 
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( ), ,

ln( ) ln( ) ln
L

L jL j i

L
L Li
i LLv

i i Lv T n

f P RT
RT RT dv RT Z

x P n v





  
     
   

   ....................  

 .............................................................................................................. (5.34) 

The detail fugacity formulas come from the commonly used equations of 

state in petroleum engineering, which include the Soave-Redlich-Kwong, 

Peng-Robinson, Schmit-Wenzel, and Patel-Teja equations of state (Ashour, 

2011). In this chapter, the equation used is the PR equation of state, which is 

shown in Chapter 3. 

In conventional PVT cells, the interface could be considered a plane. 

Then, according to Eqs. (5.17) and (5.32), the following equation is obtained: 

/ ( 1,2,......, )
L

i
i i i cV

i

K y x i N



     ........................................................ (5.35) 

In the reservoir formation, the hydrocarbon fluids flow in the porous media 

and the porous media could be treated as a combination of various capillary 

with different sizes. Generally, assuming the radius of capillary is r and the 

contact angle is θ, according to Eq. (5.22): 

2σ CosV L

cP P P
r


     ........................................................................ (5.36) 

2σ CosL V V

cP P P P
r


      ................................................................ (5.37) 

As the oil and gas system is not soluble in water, the surface tension 

could be obtained by the Macleod-Sugden equation (Economou & 

Tsonopoulos, 1997): 
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1/4

1

( )
cN

L V

og i mol i mol i

i

P x y  


    .................................................................... (5.38) 

where og  is the interfacial tension between the oil phase and gas phase,    

is the parachor for      component, and L

mol  and L

mol  are the molar density 

of the liquid phase and the molar density of the gas phase, respectively. 

5.2.3 Flow chart of calculation 

Fig. 5.4 depicts the flow chart of the calculation steps.  
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Figure 5.4. Flow chart of the vapour-liquid phase equilibrium calculation 

considering capillary pressure.5.3 Application Example 

Match the properties and parameters of the system with the 

experimental data. 

Input component, composition , and their physical 

properties. 

Giving flash calculation temperature , pressure , , . 

Calculating initial  by the Wilson equation. 

Calculate the phase equilibrium of gas and liquid and obtain , 

and , , and the physical properties for gas and liquid. 

  

Recalculating 

with ,   

Output results  

No 

Yes 
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To demonstrate the degree of influence of the capillary pressure on the 

phase equilibrium of the reservoir fluid system, we selected a case of fluid 

from a condensate reservoir and carried out the phase simulation considering 

capillary pressure and wettability. We observed how these factors affected the 

dew point pressure, retrograde condensate volume, and P-T phase diagram. 

In this simulation, the equation of state is the PR equation of state. 

For this example case, the experimental data were measured at SWPU 

State Key Lab. According to the test data, the surface temperature is set to 

20°C and the GOR obtained is 11003.42 m3/ m3. The retrograde condensate 

oil content    equals 68.25 (g/m3), and the retrograde condensate oil density 

at surface condition is 0.7511 (g/cm3). The reservoir temperature    equals 

64.3°C, and the corresponding dew point pressure at this temperature 

measured in laboratory    is 22.89 (MPa).  

Table 5.1 shows the mole fractions of the fluid system. The second 

column of the table shows the mole fractions of every component under the 

reservoir conditions. The third column and fourth column show the mole 

fraction of each component in both the oil phase and gas phase in the 

separator in the flash vapourization experiment.  
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Table 5.1. Mole fractions of the sample fluid in reservoir conditions (2nd 

column), the oil phase (3rd column), and the gas phase (4th column) in the 

separator in the flash vapourization experiment (Experimental data 

measured at SWPU State Key Lab). 

Component 

Reservoir  Oil Gas 

mol% mol% mol% 

CO2 3.988 0.000074 0.040283 

N2 2.0609 0.000497 0.020813 

C1 74.4358 0.004075 0.751856 

C2 14.2053 0.004741 0.143444 

C3 2.6519 0.003375 0.026753 

iC4 0.2617 0.001235 0.002631 

nC4 0.5025 0.001636 0.005059 

iC5 0.1404 0.002368 0.001394 

nC5 0.1408 0.003744 0.001384 

C6 0.4719 0.063238 0.004126 

C7 0.1877 0.071888 0.001168 

C8 0.2725 0.190252 0.000826 

C9 0.2137 0.191829 0.000216 

C10 0.1554 0.150570 0.000045 

C11+ 0.3116 0.310477 0.000003 

C11+ Molar Mass：180.9 g/mole 
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5.3.1 Adjustment of the PVT experiment 

According to the results of the PVT experiment, including the constant 

composition expansion (CCE) experiment and constant volume depletion 

(CVD) experiment, appropriate adjustments are applied to fit the simulation 

results to the experimental data. The results of both the relative volume of the 

separator against pressure and the Z factors of gas against pressure from 

CCE test are shown in Table 5.2 and Fig. 5.5. The results of the retrograde 

condensate oil volume and GOR against pressure from the CVD test are 

shown in Table 5.3 and Fig. 5.6. 
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Table 5.2. Simulation fitting results and experimental results of the 

constant composition expansion test (reservoir temperature 64.3°C) 

(Experimental data measured at SWPU State Key Lab). 

Pressure 

MPa 

Relative Volume of the 
Separator 

Z Factor for the Gas 

Experimental 
Results 

Simulation 
Results 

Experimental 
Results 

Simulation 
Results 

22.89 1.0000 1.0000 0.8116 0.8000 

20.00 1.1255 1.1264  0.7878 

17.00 1.3134 1.3161  0.7846 

14.00 1.6040 1.6084  0.7930 

11.00 2.0898 2.0918  0.8146 

8.00 2.9942 2.9814  0.8497 

5.00 5.0634 4.9903  0.8968 
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(a) 

 

(b) 

Figure 5.5. Simulation fitting results and experimental results of the 

constant composition expansion test (reservoir temperature 64.3°C): (a) 

relative volume; (b) Z factor for gas (Experimental data measured at 

SWPU State Key Lab).   
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Table 5.3. Simulation fitting results and experimental results of the 

constant volume depletion test (reservoir temperature at 64.3°C) 

(Experimental data measured at SWPU State Key Lab). 

Pressure 

MPa 

Retrograde Condensate Oil 
Volume Fraction in System 

 So % 
Simulated GOR 

m3/m3 

Simulated Retrograde 
Condensate 
Oil Content 

g/m3 
Experiment  

Results 
Simulation 
 Results 

22.89 0.000 0 11003.94 68.25 

19.99 1.910 1.8043 17510.62 42.96 

17.24 2.640 2.5574 29475.87 25.56 

14.48 2.910 2.8832 57260.45 13.17 

11.72 2.980 2.9201 138735.86 5.44 

8.96 2.920 2.8806 457298.38 1.65 

6.21 2.770 2.6302   
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(a) 

 

(b) 

Figure 5.6. Simulation fitting results and experimental results of the 

constant volume depletion test (reservoir temperature at 64.3°C): (a) 

retrograde oil volume fraction; (b) simulated GOR and simulated 

retrograde condensate oil content(Experimental data measured at SWPU 

State Key Lab). 
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5.3.2 P-T phase diagram of the fluid system 

After the simulated data are well matched to the experimental results, the 

P-T phase diagram of the system is drawn on the basis of simulation fitting 

results. Fig. 5.7 depicts the P-T phase diagram of the system in the bulk PVT 

cell, which can also be referred to as the phase diagram of the fluid system in 

bulk volume without consideration of capillary pressure. The phase diagram 

shows typical retrograde gas behaviour with a critical point pretty much down 

on the left side. The critical temperature is less than the reservoir temperature, 

but the cricondentherm is greater than the reservoir temperature. The dark red 

line across the iso-vols shows that the condition changes during the flash 

process. As the pressure was reduced below the dew point, the free liquid 

condenses from the gas, and at some low pressure, the retrograde liquid 

revapourizes again. This phenomenon may occur in the lab, but it may not 

occur to much extent in the reservoir because, during production, the overall 

composition of the reservoir keeps changing (McCain, 1990). 
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Figure 5.7. Phase diagram of the fluid system based on fitting results in the bulk PVT cell. 
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Appendix A shows the change of physical parameters of the reservoir 

fluid in the constant composition expansion process at reservoir temperature 

   = 64.3°C without considering the impact of capillary pressure. It should be 

noticed that the surface tension first increases as pressure increases. This is 

reasonable because a higher surface tension shows a higher difference of the 

properties between the gas and oil phase. During the process of constant 

composition expansion, as the pressure increases, the properties of the oil 

phase and gas phase become closer until the pressure reaches the dew point, 

the surface no longer exists, and the fluid system only has one phase left.  

5.3.3 Phase behaviour simulations considering capillary pressure 

The properties of the sample fluid system could be considered as 

obtained in the bulk volume situation, and now the effect of porous media 

should be added. As discussed previously, the effect of capillary pressure is 

significant at low pressure, as the properties of oil and gas show the highest 

degree of difference. Fig. 5.8 shows the maximum capillary pressure that 

could exist in the fluid system with consideration of different capillary radii and 

contact angles of the oil phase. It can be seen that the impact of capillary 

pressure on the phase equilibrium simulation of the fluid system increases 

sharply after the pore radius is reduced below 10 nm. The above results are 

consistent with the results of Dong et al. (2016). They depicted the capillary 

pressure of CH4-n-C6H14 binary mixture system. In their results, the capillary 

pressure of the system in confined pores with radius 100 nm was lower than 

1MPa but increased sharply to higher than 10 MPa as the pore radius 

decreased to lower than 5nm. 
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Figure 5.8. The maximum capillary pressure that could exist in the fluid 

system with consideration of different capillary radii and contact angles 

of the oil phase. 
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When the capillary radius is low (i.e. in nanoscale), the maximum effect of 

the capillary pressure of the system could be extremely high at more than 20 

MPa. This is why the capillary pressure could not be neglected in the tight 

reservoirs. It is also obvious that the wettability determines whether the 

capillary pressure is positive or negative. When the contact angle is between 0 

and    , the capillary pressure is positive, and when the contact angle is 

between     and  , the capillary pressure is negative. However, the contact 

angle not only affects the sign of the capillary pressure, as otherwise, the two 

curves in the figure should be totally symmetric. This is because, in the 

equilibrium calculation, the surface tension is calculated on the basis of 

composition and the contact angle also affects the composition at equilibrium. 

For this fluid sample, the calculated surface tension based on the contact 

angle of oil equal to π are higher than the calculated surface tension based  

on the contact angle of oil equal to 0 under the same capillary radius condition. 

The effect of capillary radius and contact angle on capillary pressure shows in 

accordance with the effect of these factors on the dew point of the system, 

which is depicted in Fig. 5.9.  
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Figure 5.9. The effect of capillary pressure on the dew point of the fluid 

system at reservoir temperature    = 64.3 °C with consideration of different 

capillary radii and contact angles of the oil phase. 
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Fig. 5.9 shows the effect of capillary pressure on the dew point of the 

sample fluid system. The vertical axis shows the difference of the dew point 

considering the existence of capillary pressure to the dew point of the fluid in 

bulk volume. The effects of capillary radius and contact angle on the dew point 

show the same trend as the effect of these factors on maximum capillary 

pressure in Fig. 5.4. However, the value is not that significant, as at a pressure 

close to dew point, the properties of the two phases are similar and the 

surface tension is low. This finding matches the results of Dong et al. (2016) 

as well. They showed the impact of pore radius on the bubble point of different 

mixtures. The change of bubble point only became significant with pore radius 

was lower than 10nm.  

Fig. 5.10 shows the effect of contact angle and capillary radius on the 

volume fraction of retrograde condensate oil during the constant composition 

expansion process. Fig. 5.11 shows the effect of contact angle and capillary 

radius on the molar recovery factor of oil during the constant volume depletion 

process. The effects of different contact angles of oil phase (i.e. 0°, 45°, 90°, 

135°, and 180° ) with constant capillary radius (i.e. 10 nm) are shown in Figs. 

5.10(a) and 5.11(a). 

 It could be observed that, if the oil phase is a wetting phase and the 

contact angle         with the increase of the wettability of the oil, the 

retrograde condensate oil amount during the constant composition expansion 

process increases. However, recovery of the oil phase during the constant 

volume depletion process decreases. If the oil phase is a non-wetting phase 

and the contact angle        , with the increase of the non-wettability of 
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the oil, the retrograde condensate oil amount during the constant composition 

expansion process decreases, but the recovery of the oil phase during the 

constant volume depletion process increases. This observation is inconsistent 

with the common knowledge that the more oil that condenses in the formation 

for a retrograde condensate gas reservoir, the less oil could be produced from 

the formation.  

The effects of different capillary radii (i.e. 100nm, 10nm, and 5nm) with a 

constant contact angle of the oil phase (i.e. 0°) are shown in Figs. 5.10(b) and 

5.11(b). The impact of capillary radius is inconsistent with the result of Figs. 

5.8 and 5.9, and the change of the retrograde condensate oil amount during 

the constant composition expansion process and the recovery of the oil phase 

during the constant volume depletion process become both significant when 

the capillary radius is lower than 10 nm. Haider (2015) had the same finding 

when he depicted the effect of capillary on cumulative oil production. The 

difference of oil production at a pore radius of 13 nm from its original 

unconfined behavior was approximately 2% after running the simulation. 

 

 

 

 

 

 



136 

 

 

(a) 

 

(b) 
Figure 5.10. The effect of contact angle and capillary radius on the 

volume fraction of retrograde condensate oil during the constant 

composition expansion process: (a) capillary radius of 10nm with 

contact angles equalling 0°, 45°, 90°, 135°, and 180°; (b) contact angle 

equals 180° with capillary radii equalling 100 nm, 10 nm, and 5nm.     
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(a) 

 
(b) 

Figure 5.11. The effect of contact angle and capillary radius on the molar 

recovery factor of oil during the constant volume depletion process: (a) 

capillary radius equals 10nm with contact angles equalling 0°, 90°, and 

180°; (b) contact angle equals 0° with consideration of capillary radii 

equalling 100 nm, 10 nm, and 5nm. 
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The above impact of capillary pressure on the retrograde condensate oil 

amount and recovery of the oil phase could be explained from the change of 

P-T phase diagram of the fluid system. Figs 5.12 to 5.14 show the effect of 

wettability of the oil phase on the P-T phase diagram with the capillary radii 

assumed to be 100 nm, 10 nm, and 5 nm, respectively. The dashed curves in 

red show the change of iso-vols when the oil is considered as a wetting phase 

(contact angle = 0°), while the dashed curves in blue show the change of 

iso-vols when the oil is considered as a non-wetting phase (contact angle = 

180°).   
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Figure 5.12. The effect of capillary pressure on the P-T phase diagram of the fluid system with consideration of different 

wettabilities of the oil phase at capillary radius r=100 nm. The dashed curve in red means the contact angle equals 0° and 

the dashed curve in blue means the contact angle equals 180°. 
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Figure 5.13. The effect of capillary pressure on the P-T phase diagram of the fluid system with consideration of different 

wettabilities of the oil phase at capillary radius r=10 nm. The dashed curve in red means the contact angle equals 0° and 

the dashed curve in blue means the contact angle equals 180°. 

0

5

10

15

20

25

30

100 150 200 250 300 350 400 450 500

P
re

s
s
u
re

 (
M

P
a
) 

Temperature (K)   

critical point contact angle = 180 contact angle = 0
Flash Condition bubble point L=1.000 iso-vol L=0.150
iso-vol L=0.080 iso-vol L=0.040 iso-vol L=0.020
iso-vol L=0.010 iso-vol L=0.005 dew point L=0.000



141 

 

 

Figure 5.14. The effect of capillary pressure on the P-T phase diagram of the fluid system with consideration of different 

wettabilities of the oil phase at capillary radius r= 5 nm. The dashed curve in red means the contact angle equals 0°, and 

the dashed curve in blue means the contact angle equals 180°.
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It is obvious that, when the capillary radius is reduced, the effect of 

capillary pressure on the P-T phase diagram is enhanced. The effect of 

capillary radius is very low when the capillary radius is larger than 100 nm. 

Moreover, when the pressure and temperature is higher, the change of 

iso-vol curves is smaller. There is no change for the critical point. With the 

decrease of temperature, the difference of saturation pressure in confined 

pores and the bulk becomes larger. This is because the properties of gas and 

oil are the same at critical point, and there is no capillary pressure as there is 

no surface. Farther from the critical point, the changes of the iso-vol curves 

gradually become significant. Nojabaei (2013) did similar research on the 

envelope change of C1/C6 mixtures with pore radius 20nm and he only 

showed the changes from critical point to lower pressure and temperature. 

This work not only shows a similar shifting trend of the saturation pressure as 

the trend in his results but also show the change of envelopes from critical 

point to higher temperature or higher pressure. 

In addition, it could also be seen that, when the contact angle equals 0°, 

all the curves in the P-T phase diagram tend to shift to higher pressure, and 

when the wetting angle equals 180°, all the curves in the P-T phase diagram 

tend to shift to lower pressure. The effect of capillary pressure when the 

contact angle equals 180° is higher than the effect of capillary pressure when 

the contact angle equals 0° for this fluid system, which is inconsistent with 

previous discussions of the difference of the capillary pressure values and 

their effect on the dew points of this sample fluid system of these two cases.  
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5.3.4 Theoretical Explanation of the Results 

The above findings could be explained by Kelvin’s theory. Assuming 

there is a system of pure liquid substance with a horizontal surface, at a 

certain temperature and external pressure, there is a certain saturation vapour 

pressure for the liquid. However, for a droplet of liquid, the saturation vapour 

pressure is not only related to temperature and external pressure, but also to 

the radius of the droplet. The relationship between the saturation vapour 

pressure of liquid on a horizontal surface 0P  and the saturation vapour 

pressure of liquid on a curved surface *P  could be described by Kelvin’s 

equation (Anonymous, 1871; Helmholtz, 2006) 

d

d

RTR

m
PP



2
)/ln( 0*   ............................................................................ (5.39) 

In a capillary, according to the definition of the contact angle, Kelvin’s 

equation could be amended as follows: 

 
RTr

M
PP



 cos2
)/ln( 0*   .................................................................. (5.40) 

From Kelvin’s equation (5.40), assume there is a capillary system of the 

oil phase and gas phase. When the contact angle of oil  θ π / 2 , then

  ln 0* 0P / P  . The surface between the oil phase and gas phase is 

horizontal, where L VP P  and 0cP  . If the oil is at the wetting phase and the 

contact angle of oil  0 θ / 2  , the surface of oil is concave and

. The saturated vapour pressure on the curved surface is less  ln 0* 0P / P 



144 

 

than the saturated vapour pressure on the horizontal surface. The 

thermodynamic continuity of the system is affected by capillary pressure. In 

this situation, when the pressure value equals the saturated vapour pressure 

on horizontal surface, no bubble appears. To generate the first bubble from oil, 

a temperature higher than the boiling point is necessary. In physics, we call 

this case superheating, in which a liquid is heated to a temperature higher 

than its boiling point but without boiling. The existence of capillary pressure 

makes the liquid phase ―superheating‖ (i.e. staying at higher temperature). On 

the contrary, when the oil is in the non-wetting phase and the contact angle of 

oil , the surface of the oil is convex and . The 

existence of capillary pressure makes the liquid phase ―undercooling‖ (i.e. 

staying at a lower temperature). 

5.4 Chapter Summary 

The effect of capillary pressure on reservoir fluid is very complicated. The 

results of this work confirm the previous findings in the literature. Through the 

study, the following conclusions can be drawn: 

With the decrease of the pore radius, the effect of capillary pressure on 

the phase behaviour of oil and gas system becomes larger. When the pore 

radius is less than 100 nm, capillary pressure effects become significant. In 

addition, the interfacial tension of the oil and gas system has an influence on 

the phase behaviour of the oil and gas system as well. 

The wettability determines whether capillary pressure has a positive or 

negative impact on the phase equilibrium fluid system. When the wetting 

angle of the oil is , the porous media is oil wettable, and the 

 π / 2 θ π   ln * 0P / P >0

0 θ / 2 
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existence of capillary pressure will raise the dew point of the fluid system and 

increase the amount of retrograde condensate liquid during the constant 

composition expansion process. Thus, all the curves in the P-T phase diagram 

will tend to shift to a higher temperature and the recovery of retrograde 

condensate oil will decrease. On the contrary, when the wetting angle of the 

oil is , the porous media is non-wettable for oil, and the existence 

of capillary pressure will reduce the dew point of the fluid system and reduce 

the amount of retrograde condensate liquid during the constant composition 

expansion process. Thus, all the curves in the P-T phase diagram will tend to 

shift to a higher temperature and the recovery of the retrograde condensate oil 

will increase.  

 

 

 

 

 

 

 

 

 

 π / 2 θ π 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

This thesis has studied the effect of surface phenomena on the phase 

behaviours from two aspects including adsorption and capillary pressure. 

First, for adsorption, this work is different from the commonly used 

Langmuir models, which only focus on the static adsorbed amount of 

adsorbent by simply fitting the experimental data and which lack prediction 

capability. This work introduces a new method that considered the dynamic 

mechanism of adsorption. The potential theory is applied to make better 

predictions for various component and diverse conditions, while the FHVSM 

model is applied to describe the mechanism of adsorption and desorption 

equilibrium. It is proved that the work could give better predictions for the 

adsorption of gas mixtures than the newest method (the multicomponent 

potential theory) and the most commonly used method (the extended 

Langmuir model). 

Second, for the gas-liquid system, this work introduces a phase 

equilibrium model to calculate the phase equilibrium in a capillary. The 

influences of capillary radius, contact angle, and interfacial tension are all 

considered in the model. Unlike previous studies, most of which only focus on 

an assumed binary-component system or on the shift of critical points and the 

change of critical properties, this thesis gives a systematic and 

comprehensive simulation on a realistic reservoir sample. Following the 

common phase analysis flow, the results of phase behaviour considering 
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capillary effect and the results in a bulk PVT cell are compared. The thesis first 

shows the effect of capillary pressure in a whole P-T phase diagram of the 

reservoir fluids and in the constant composition expansion process and 

constant volume depletion process. It turns out the effect is significant in the 

confined nanoscale capillary.   

This study provides a general approach to model the complicated phase 

behaviour of reservoir fluids in the porous media accurately. It could be further 

improved to include adsorbed-liquid-gas three phases equilibrium to describe 

most of the possible phase behaviours that could exist during production in 

porous media. It is of great value to help petroleum engineers understand 

phase thermodynamics during development of the reservoirs.     

 

6.2 Recommendations 

During the research, some factors emerged that need to be studied 

deeply in the future.  

First, further improvement in the experiment technique is needed to 

measure the adsorption isotherms of the pure gas component and gas mixture 

in porous media.  

1.  Continue to invent and improve equipment that has a high precision 

and a low cost and can suffer a high range of pressure and 

temperature. 

2.  Focus more on the adsorption isotherms in various reservoir porous 

media (i.e. sandstone, carbonate rock, shale, volcanic rock, and 

metamorphic rock, etc.) 
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3. Establish a technical standard to measure the adsorption isotherms 

of reservoir fluids in reservoir media precisely. 

Second, the measurements of adsorption isotherms should be based on 

practical production. Similar to the common phase behaviour experiment, an 

experiment should be carried out to simulate some common mechanisms of 

production (i.e. depletion, pressure maintenance by gas injection, gas cycling, 

gas soaking, etc.). 

Third, there is usually irreducible water or water vapour in the formation. 

Actually, the existence of water in the pores will greatly reduce the gas 

adsorption phenomenon on the pore surface. This is because, when there is 

water in porous media, it will preferentially occupy the small and water 

wettable pores, which will significantly reduce the effective adsorption surface 

in the porous media as well as change the phase equilibrium of hydrocarbon 

mixtures. Thus, experiments with consideration of water should be carried out.  

Finally, the theoretical study of the phase behaviour in porous media 

should be continued.  

1. This study only solves the adsorption effect and capillary effect of 

porous media separately. However, the comprehensive effect of 

these two effects should be considered in the future.  

2. The paper only depicts the phase equilibrium between the adsorbed 

phase and the free gas phase or the phase equilibrium between the 

gas phase and the oil phase, which is applicable to dry gas tight 

reservoirs or retrograde condensate gas reservoirs with high 

permeability. However, in many other conventional reservoirs (i.e. 

tight retrograde condensate gas reservoirs or tight wet gas reservoirs), 
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the three phases coexist, so the phase equilibrium model of the three 

phases are needed. 

3. Theoretical researches on the effect of water in the formation should 

be conducted. It would be helpful to establish a correlation to describe 

the effect of water saturation on the adsorption isotherms so that the 

model could be closer to reality. 
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APPENDIX A 

Physical parameters changes during constant composition expansion 

process at reservoir condition    = 64.3°C (without the impact of capillary 

pressure) 

Reservoir temperature: 64.3 °C Corresponding Saturation Pressure: 22.89 MPa 

Pressure 

MPa 

Compressibility 

Factor 

Molar Density 

(mol/cm3) 

Mass Density 

(g/cm3) 
Molar Weight 

(g/mol) 

Viscosity 

(mPa.s) 
Interfacial 

Tension 

(mN/m) 

Liquid Phase 

Content 

      Vm  
Lm  

V  
L  (mol/mol) (m3/m3) 

0.00  0.9970  0.0088  0.0000  0.0041  0.0008  0.7304  22.9200  178.8160  0.0116  0.2064  12.3348  0.0102  0.0001  

0.57  0.9825  0.0479  0.0002  0.0050  0.0053  0.7224  21.6360  144.3010  0.0117  0.2061  12.1129  0.0234  0.0012  

1.14  0.9689  0.0824  0.0005  0.0054  0.0097  0.7145  21.2550  132.7130  0.0118  0.2011  11.5477  0.0292  0.0026  

1.72  0.9558  0.1142  0.0007  0.0057  0.0143  0.7071  21.0450  124.6950  0.0120  0.1959  10.9578  0.0334  0.0041  

2.29  0.9432  0.1439  0.0009  0.0059  0.0189  0.7000  20.9060  118.3130  0.0121  0.1909  10.3670  0.0370  0.0058  

2.86  0.9311  0.1720  0.0011  0.0061  0.0236  0.6932  20.8070  112.9350  0.0122  0.1861  9.7825  0.0402  0.0077  

3.43  0.9193  0.1986  0.0014  0.0063  0.0284  0.6866  20.7330  108.2640  0.0124  0.1814  9.2082  0.0432  0.0097  

4.01  0.9079  0.2240  0.0016  0.0065  0.0333  0.6802  20.6780  104.1100  0.0125  0.1769  8.6454  0.0459  0.0117  

4.58  0.8969  0.2484  0.0019  0.0067  0.0384  0.6739  20.6380  100.3920  0.0127  0.1726  8.0981  0.0486  0.0139  

5.15  0.8863  0.2718  0.0021  0.0069  0.0435  0.6678  20.6090  97.0190  0.0129  0.1685  7.5668  0.0511  0.0162  

5.72  0.8760  0.2945  0.0024  0.0070  0.0488  0.6619  20.5910  93.9340  0.0131  0.1645  7.0530  0.0534  0.0186  

6.29  0.8662  0.3164  0.0026  0.0072  0.0542  0.6561  20.5820  91.0940  0.0133  0.1607  6.5576  0.0557  0.0211  

6.87  0.8568  0.3377  0.0029  0.0074  0.0596  0.6504  20.5820  88.4650  0.0136  0.1571  6.0815  0.0579  0.0236  

7.44  0.8478  0.3584  0.0032  0.0075  0.0653  0.6449  20.5890  86.0190  0.0138  0.1535  5.6252  0.0599  0.0262  

8.01  0.8392  0.3785  0.0034  0.0076  0.0710  0.6395  20.6030  83.7400  0.0141  0.1502  5.1896  0.0619  0.0289  

8.58  0.8310  0.3982  0.0037  0.0078  0.0768  0.6341  20.6250  81.6000  0.0143  0.1469  4.7748  0.0637  0.0316  

9.16  0.8233  0.4174  0.0040  0.0079  0.0827  0.6289  20.6530  79.5870  0.0146  0.1438  4.3811  0.0655  0.0343  

9.73  0.8160  0.4362  0.0043  0.0080  0.0888  0.6238  20.6880  77.6850  0.0149  0.1408  4.0084  0.0671  0.0370  

10.30  0.8092  0.4545  0.0046  0.0082  0.0949  0.6187  20.7290  75.8830  0.0153  0.1379  3.6569  0.0686  0.0397  

10.87  0.8029  0.4725  0.0049  0.0083  0.1012  0.6138  20.7760  74.1700  0.0156  0.1350  3.3263  0.0699  0.0424  

11.45  0.7970  0.4901  0.0052  0.0084  0.1075  0.6089  20.8300  72.5360  0.0160  0.1323  3.0164  0.0712  0.0450  

12.02  0.7916  0.5073  0.0055  0.0085  0.1139  0.6040  20.8900  70.9720  0.0164  0.1297  2.7267  0.0723  0.0476  

12.59  0.7867  0.5245  0.0057  0.0086  0.1205  0.5995  20.9590  69.5360  0.0168  0.1273  2.4597  0.0731  0.0500  

13.16  0.7823  0.5411  0.0060  0.0087  0.1271  0.5948  21.0320  68.1080  0.0172  0.1248  2.2097  0.0739  0.0523  

13.73  0.7783  0.5574  0.0063  0.0088  0.1337  0.5901  21.1120  66.7300  0.0176  0.1224  1.9783  0.0745  0.0545  

14.31  0.7748  0.5737  0.0066  0.0089  0.1405  0.5857  21.2000  65.4610  0.0181  0.1202  1.7675  0.0748  0.0565  

14.88  0.7719  0.5894  0.0069  0.0091  0.1472  0.5812  21.2940  64.1830  0.0186  0.1180  1.5718  0.0750  0.0583  

15.45  0.7694  0.6050  0.0072  0.0092  0.1541  0.5769  21.3960  62.9950  0.0191  0.1159  1.3944  0.0749  0.0598  

16.02  0.7674  0.6202  0.0075  0.0093  0.1610  0.5724  21.5030  61.7980  0.0196  0.1138  1.2309  0.0746  0.0612  

16.60  0.7658  0.6350  0.0078  0.0094  0.1679  0.5680  21.6180  60.6250  0.0202  0.1117  1.0821  0.0741  0.0623  

17.17  0.7647  0.6498  0.0080  0.0095  0.1749  0.5638  21.7420  59.5410  0.0208  0.1098  0.9490  0.0732  0.0629  

17.74  0.7641  0.6643  0.0083  0.0096  0.1820  0.5596  21.8740  58.4730  0.0214  0.1080  0.8286  0.0720  0.0632  

18.31  0.7639  0.6782  0.0086  0.0097  0.1890  0.5551  22.0130  57.3830  0.0220  0.1060  0.7189  0.0706  0.0632  

VZ LZ
V

mol L

mol V

m
L

m
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18.88  0.7642  0.6920  0.0089  0.0098  0.1962  0.5509  22.1610  56.3560  0.0227  0.1042  0.6216  0.0687  0.0626  

19.46  0.7649  0.7055  0.0091  0.0099  0.2033  0.5466  22.3190  55.3410  0.0234  0.1024  0.5346  0.0664  0.0615  

20.03  0.7660  0.7187  0.0094  0.0100  0.2105  0.5422  22.4870  54.3350  0.0241  0.1006  0.4569  0.0635  0.0598  

20.60  0.7675  0.7315  0.0096  0.0101  0.2178  0.5378  22.6650  53.3350  0.0249  0.0988  0.3879  0.0602  0.0575  

21.17  0.7694  0.7439  0.0099  0.0102  0.2251  0.5333  22.8550  52.3400  0.0258  0.0971  0.3268  0.0561  0.0544  

21.75  0.7717  0.7561  0.0101  0.0103  0.2326  0.5289  23.0580  51.3730  0.0267  0.0954  0.2735  0.0513  0.0503  

22.32  0.7745  0.7677  0.0103  0.0104  0.2401  0.5241  23.2750  50.3720  0.0276  0.0936  0.2262  0.0456  0.0452  

22.890  0.7776  0.0000  0.0105  0.0000  0.2477  0.0000  23.509  0.000  0.0285  0.0000  0.0000  0.0000  0.0000  
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